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Abstract
A series of electron rich, air-stable hydroxylamine ligands and their strongly stabilized cerium(IV)
hydroxylaminato complexes are described. Monotopic, ditopic, and tetratopic hydroxylaminato ligands are
described. The synthesis and characterization of HLNOx, H2ODiNOx, H2PhNDiNOx, and H4TetraNOx
were accomplished through modified literature procedures from their parent aryl bromides. The cerium(IV)
complexes Ce(LNOx)4, Ce(ODiNOx)2 were synthesized by protonolysis reactions, crystallized, and
characterized electrochemically and computationally. The cerium(IV) complexes exhibited significant
stabilization of the Ce(III/IV) couple as observed in their cyclic voltammetry data.
The pyrroloquinoline quinone (PQQ) is an important cofactor that shuttles redox equivalents in diverse
metalloproteins. Quinoline 7,8-quinones have been synthesized and characterized as surrogates for PQQ to
elucidate redox energetics within metalloenzyme active sites. The quinoline 7,8-quinones were synthesized,
and the compounds were evaluated using solution electrochemistry. Together with a family of quinones, the
products were evaluated computationally and used to generate a predictive correlation between a computed
ΔG and the experimental reduction potentials. The methoxy substituted derivative exhibited catalytic activity
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CHAPTER 1 
 
Background and Motivation 
 
1.1 Outline of the Dissertation 
The goal of this dissertation is to report on studies of fundamental chemistry of the lanthanides, 
especially cerium, and the use of this understanding to explore the role of these ions in biological 
and other applications. These goals were achieved through the synthesis of strongly stabilized 
cerium(IV) complexes and the study of their electrochemical properties. The recent discovery of a 
lanthanide dependent methanol dehydrogenase (MDH) enzyme by Op den Camp and co-
workers1 raised the question of the role of the lanthanide ion versus the role of the quinone 
cofactor pyrroloquinoline quinone (PQQ) in the enzymatic processes. To explore the role of the 
cofactor, we used a synthetic approach to designing quinone surrogates of the cofactor. This was 
followed by an exploration of the surrogates’ reactivity with and without lanthanides cations. 
In Chapter 2, the synthesis and coordination chemistry of a series of hydroxylaminato ligands 
is explored. Hydroxylaminato ligands are ideal for lanthanide chemistry because they are hard 
anionic ligands which match well with the hard lanthanide cations. They are also capable of 
coordinating in an η2–N,O or a κ1–O fashion, providing flexibility for achieving the high 
coordination number common in many lanthanide complexes. Monotopic, ditopic, and tetratopic 
hydroxylamine ligands were synthesized and characterized. The coordination chemistry of these 
ligands was then explored with a variety of cerium(III) and cerium(IV) starting materials. The 
products of these experiments were found to primarily coordinate hydroxylamines in an η2–N,O 
fashion. These highly donating ligands were found to significantly stabilize the Ce(III/IV) redox 
couple to potentials as low as –1.85 V vs. Fc/Fc+. Computational methods were utilized to 
corroborate the reduction potentials of these cerium complexes together with a large family of 
other cerium complexes. 
In Chapter 3, the recent discovery by Op den Camp and coworkers of a lanthanide dependent 
methanol dehydrogenase enzyme (MDH) is discussed in the context of the field of lanthanides 
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and lanthanide based reactivity. Previous studies using assays and crystallography have shown 
that the active site in the MDH enzyme is consistent with coordination of a lanthanide ion, 
specifically cerium, and the biological cofactor pyrroloquinoline quinone (PQQ).2 In the interest of 
further understanding this active site and the dehydrogenation reactivity observed from methanol 
to formaldehyde and further to formate, a set of quinoline quinones were synthesized as 
surrogates for the cofactor PQQ. These quinones were characterized electrochemically and 
computationally. In addition, a correlation was generated for a larger family of quinones which 
was shown to have high fidelity for predicting the reduction potentials of structurally complex 
quinones. 
In Chapter 4, the reactivity of the quinoline quinones was explored. The quinoline quinones 
were found to be competent catalysts in the dehydrogenation of benzylamines and related 
heteroaromatic methylamines under aerobic conditions. The possible mechanisms through which 
this reaction proceeds were explored computationally and experimentally. The photochemistry of 
these quinones was also found to dehydrogenate benzyl alcohols stoichiometrically. 
 
1.2 Properties of the Lanthanide Elements 
 The lanthanide elements are a series of 15 elements from lanthanum through lutetium. The 
lanthanides have unique electronic and magnetic properties that make them ideal metal cations 
for a variety of applications. The role of the lanthanides in many green technologies make them 
critical materials. For example, lanthanides are a crucial component of permanent magnets which 
find use in hybrid vehicles and wind turbines.3 They also play a role in the phosphors used in 
energy efficient compact fluorescent bulbs (CFLs).4 These applications were analyzed by the 
U.S. Department of Energy and the lanthanide elements were determined to be critical materials 
for development (Figure 1.2.1).5 
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Figure 1.2.1. Medium-term criticality matrix (US Department of Energy, Critical Materials 
Strategy, 2011). Figure reproduced with permission of the US Department of Energy © 2011. 
 The lanthanides are part of the larger group called the rare earth elements, which comprise the 
lanthanides along with scandium and yttrium. These elements are not especially rare, however, 
and are found to have approximately the same crustal abundance as elements such as nickel 
and copper (Figure 1.2.2).  Due to the lanthanide contraction and the core-like 4f orbitals, the 
lanthanides have similar ionic radii and similar chemical properties, which is responsible for the 
complications in their separations. 
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Figure 1.2.2. Natural abundance of the elements in the earth’s crust (Haxel, G. B., et al. US 
Geological Survey, Fact Sheet 087-02, 2005). Figure adapted with permission of the USGS © 
2005. 
 The lanthanide elements are characterized by having their valence electrons in the 4f orbitals. 
Due to the high nuclear charge of the 4f elements and the core like nature of the 4f orbitals, 
bonding is non-directional and ionic,6 and the trivalent oxidation state dominates their chemistry.7 
The 4f orbitals have a radial distribution function that falls almost entirely within the filled 5s and 
5p orbital (Figure 1.2.3).8 The result of this is that the frontier electrons are actually not available 
for bonding, and often are only observed in bonding when mixed with empty orbitals with larger 
radial extent, such as 5d, 6s, and 6p. The electronic isolation of the 4f orbitals also means that 
their ligand-field effects are minimal, causing the electronic and magnetic properties of complexes 
to be similar to those of the free ions.4c, 9 
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Figure 1.2.3. Radial distribution functions for the 4f, 5s, and 5p electrons of the Pr3+ cation 
(Organometallics of the f-elements. 1979, p.38, Figure 1). Reproduced with permission of 
Springer Science + Business Media © 1979. 
 Cerium is the only lanthanide which has been shown to access the tetravalent oxidation state in 
molecular complexes.10 This is primarily attributed to the CeIV state, which possesses an 
electronic structure of 4f0. The noble gas [Xe] configuration of CeIV produces a CeIII/CeIV couple 
which is quite oxidizing in acidic aqueous media, measured at E1/2 = 1.70 V vs. NHE (Figure 
1.2.4).10 The CeIV state can be stabilized by adding more and more donating anionic ligands. For 
example, the examining cerium complexes with different ligand sets, ranging from nitrate, to 
phenolate, to nitroxide, resulted in potentials of 0.62, –0.50, and –1.84 V versus Fc/Fc+ in non-
aqueous solvents, respectively.10 By changing the perchlorate ligands for catecholate ligands, a 
stabilization of ~2.3 V is achieved. The effect of adding increasingly donating ligands can also be 
seen to have a stabilizing effect in non-aqueous chemistry, reaching potentials as low as E1/2 = –
2.0 V vs. Fc.11 
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Figure 1.2.4. Reported CeIII/IV potentials observed in aqueous (blue) and non-aqueous (red) 
conditions for different supporting ligand frameworks. Abbreviations: CAN, ceric ammonium 
nitrate; acac, acetylacetononate; TPP, tetraphenylporphyrin; COT, cyclooctatetraenide; 2-
(tBuNO)py, N-tert-butyl-N-2-pyridylnitroxide; EDTA, ethylenediaminetetraacetic acid. (Coord. 
Chem. Rev. 2014, 260, 21-36). Adapted with permission of Elsevier ©2014. 
 Lanthanides are found in ores which contain multiple elements in the naturally occurring 
minerals. The abundance of these elements in the earth’s crust is relatively high, with cerium 
being about as abundant as copper or nickel. While the lanthanides are abundant, they are not 
particularly bioavailable. Due to the low pKa of coordinated waters to lanthanide ions ranging from 
9 to 7.9,12 the formation of hydroxide clusters is very common in the aqueous chemistry of the 
lanthanides. These hydroxides have low solubility in even mildly acidic environments, though the 
solubility of hydroxide complexes can be improved in the presence of some multidentate 
ligands.13 The highly acidic conditions that solubilize lanthanide salts simply are not conducive to 
the growth of most life. Due to these characteristics, lanthanides were not found to be relevant to 
bioinorganic chemistry until 2014. 
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Figure 1.2.5. Partial X-ray structure at 1.6 Å resolution (left) and simplified structural depiction 
(right) of the active site of the MDH enzyme of Methylacidiphilum fumariolicum SolV, PDB code 
4MAE. Selected bond lengths [Å]: Ce–O(substrate) 2.8, Ce–O5 2.6, Ce–N6 2.8, Ce–O7 2.7, Ce–
OD1(Asp299) 2.9. 
  
Scheme 1.2.1. Dehydrogenation of methanol (eq 1) and oxidation of formaldehyde (eq 2). 
 A bacterium was discovered in a volcanic mudpot which contained high levels of dissolved 
lanthanides and a low pH. The bacterium was an acidiphilic methanotroph and was named 
Methylacidiphilum fumariolicum SolV.1-2 Methanotrophic bacteria possess an enzyme that 
converts methanol into formaldehyde in the respiration of methane, from which CO2 is eventually 
exuded. In related organisms, these methanol dehydrogenases (MDH) are calcium dependent, 
possessing an active site with a calcium cation coordinated by two carboxylate amino acids, an 
amide amino acid, and the pyrroloquinoline quinone cofactor (PQQ). Growing in acidic media 
where lanthanides are bioavailable, M. fumariolicum SolV shows the greatest growth through the 
addition of lanthanides rather than calcium. The crystallization of the XoxF-type MDH from SolV 
showed that cerium was present in the active site, coordinated by three carboxylate amino acids, 
an amide amino acid, ethanol, and the semiquinolate form of the pyrroloquinoline quinone 
8 
   
cofactor (PQQ).  
 This lanthanide dependent enzyme was shown to have improved reactivity over the calcium 
derivative. The calcium dependent enzyme had previously been shown to catalyse the oxidative 
dehydrogenation of methanol to formaldehyde (Scheme 1.2.1, eq 1). The lanthanide dependent 
enzyme displays rates of reaction up to 100 fold higher than those of the calcium dependent 
enzymes. In addition, the lanthanide dependent XoxF-type MDH reacts readily with formaldehyde 
to generate formate (Scheme 1.2.1, eq 2). This reaction requires a separate enzyme in the case 
of the calcium dependent system.1 These differences in reactivity are attributed to the increased 
Lewis acidity of lanthanides when compared to calcium.14  
 All of the properties outlined herein make the lanthanide elements a rich area of study with 
applications in technology, fundamental properties, and biology. In this dissertation, the 
electrochemical properties of these elements are explored experimentally and computationally. 
Cerium is bound to a quinone cofactor in the XoxF-type MDH enzyme. Surrogates of this cofactor 
were also characterized experimentally and computationally. The reactivity of these surrogates is 
also explored. These studies are detailed in the following chapters. 
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CHAPTER 2 
 
Design and Synthesis of Hydroxylaminato Ligands for 





A series of electron rich, air-stable hydroxylamine ligands and their strongly stabilized cerium(IV) 
hydroxylaminato complexes are described. Monotopic, ditopic, and tetratopic hydroxylaminato 
ligands are described. The synthesis and characterization of HLNOx, H2ODiNOx, H2PhNDiNOx, 
and H4TetraNOx were accomplished through modified literature procedures from their parent aryl 
bromides. The cerium(IV) complexes Ce(LNOx)4, Ce(ODiNOx)2 were synthesized by 
protonolysis reactions, crystallized, and characterized electrochemically and computationally. The 
cerium(IV) complexes exhibited significant stabilization of the Ce(III/IV) couple as observed in 









Partially adapted from work to be submitted to Inorganic Chemistry, 2016. 
 
Dalton Transactions, 2014, 43, 6300-6303. Reproduced by permission of The Royal Society of 
Chemistry. 
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2.1 Introduction 
 Recent work has shown that ligands bearing amidoxime functional groups covalently bound to 
solid supports have extracted up to 1 kg of uranium in 240 days from seawater in the form of 
uranyl cation, UO22+.1 In some cases, the η2–N,O binding mode of amidoximes has been shown 
to be highly selective for binding the Lewis acidic uranyl cation. As part of a general interest in the 
coordination and separations chemistry of the related rare earth metals we initiated studies of 
related hydroxylaminato ligands and their interactions with Lewis acidic lanthanide cations.2 
Similar to the coordination of amidoximes to uranyl cations, N,N-R,R′-hydroxylamines contribute a 
hard anionic oxygen donor and a hard neutral nitrogen donor that are well matched to the cationic 
character of the rare earth metal cations. 
 In addition to their expected superior coordination affinities, hydroxylamines also typically 
exhibit redox activity. Nitroxide radicals find use as catalysts in living radical polymerizations of 
styrene and other monomers due to the stability of their persistent radical forms.3 This redox 
chemistry provides several benefits. First, the radical form of the ligand can be used as an 
oxidizing equivalent in reactions to produce homoleptic complexes.4 Second, these ligands 
exhibit redox activity and have been shown to be able to store an electron hole in both 
electrochemical and synthetic characterization.2b, 5 These properties are of interest to our group 
and initiated the studies in this chapter. 
 We initiated a study of the coordination chemistry of the redox-active hydroxylamine 2-(tert-
butylhydroxylamino)-4-tert-butylanisole (HLNOx) to observe its binding affinity and tendency to 
engage in redox chemistry. We sought to increase the electron donating properties of the ligand 
framework in comparison to previous systems which utilized pyridylnitroxide and hydroxamic acid 
ligands,4a, 6 with the included methoxy and tert-butyl substitutions. We demonstrate that the 
hydroxylamine ligands favor binding in an η2 mode over the previously observed κ1 binding mode 
and that the radical form of the ligand is an effective oxidant toward cerium(III) cations. The 
simple synthesis of aromatic hydroxylamines starting from aryl halide precursors enabled 
exploration of multitopic ligands that provide multiple η2 coordination sites. These multitopic 
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ligands have been demonstrated to have improved reversibility in both the cerium(III/IV) and the 
ligand oxidation redox wave in cyclic voltammetry.2, 5 To this end, we synthesized a pair of ditopic 
ligands, H2ODiNOx and H2PhNDiNOx. In addition, a tetratopic ligand, H4TetraNOx, was 
synthesized. The coordination chemistry of these ligands was explored with a variety of cerium 
starting materials. 
 Finally, two methods to correlate and predict experimental redox potentials for cerium 
complexes were evaluated. In the first computational method, the ΔGo(CeIII/CeIV) was determined 
for each of the compounds and these values were correlated with the experimental E1/2 values 
measured in dichloromethane, referenced to the ferrocene/ferrocinium couple. The second 
method involved correlating the energies of the CeIV LUMO orbitals with the experimental redox 
potentials, E1/2. The predictive capabilities of these two correlative methods were tested using a 
new cerium nitroxide complexes, Ce(LNOx)4 and Ce(ODiNOx)2. 
 
2.2 Results/Discussion 
2.2.1. Synthesis of monotopic ligand HLNOx and the complex Ce(LNOx)4 
 The synthesis of 2-(tert-butylhydroxylamino)-4-tert-butylanisole (HLNOx) was adapted from 
literature procedures;4a lithiation of 2-bromo-4-tert-butylanisole at 78 °C followed by treatment 
with 2-methyl-2-nitrosopropane provided HLNOx in 57% isolated yield (Scheme 2.2.1). HLNOx 
was conveniently isolated as an air-stable white solid. The air stability of HLNOx stands in 
contrast to related electron rich hydroxylamines,4a, 7 which spontaneously oxidize to their radical 
form in the presence of O2. HLNOx can be stored as a solid on the bench for weeks and up to 24 
h in a solution of C6D6 with no sign of oxidation, as similarly observed by our group for the related 
compound: H3TriNOx [((2-tBuNOH)C6H4CH2)3N].8 
 
Scheme 2.2.1. Synthesis of HLNOx. 
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Figure 2.2.1. Thermal ellipsoid plot of the compound HLNOx. Thermal ellipsoids set at 50% 
probability. Non-interacting hydrogens were omitted. Hydrogen bonding interactions shown in 
black. Selected bond lengths [Å]: N(1)–O(1) 1.4501(9), O(1)–N(1′) 2.8432(11). 
 The structure of HLNOx was determined by X-ray crystallography. The N–O bond length 
1.4501(9) Å compared well to that of Me2NOH, 1.452(2) Å.9 The intermolecular NO distances 
from O(1) to N(1′) in the NHO unit were 2.8432(11) Å, which are comparable to the NO distance 
of 2.777(4) Å in the NHO unit of Me2NOH. The hydrogen bond angle in HLNOx is more acute 
than that of Me2NOH, however, with an ∠N(1)-O(1)-N(1′) of 84.93(5)° compared to 106.9(2)°. 
Inter- and intra-molecular hydrogen bonding were implicated to explain the resistance of HLNOx 
to autoxidation. The crystal structure revealed a dimeric structure comprising four self-
complementary hydrogen bonding interactions (Figure 2.2.1). The oxidative stability was further 
illustrated by stirring the ligand over PbO2 to form the radical LNOx·; the oxidation was only 50% 
complete after 2 h, and required 24 h to reach full conversion, characterized by a broad peak at 
1.69 ppm in the 1H NMR. This compound was not further isolated, but was instead used in situ. 
With the air stable hydroxylamine HLNOx ligand and its radical analogue LNOx· in hand, we next 
explored its coordination chemistry with cerium. 
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Scheme 2.2.2. Synthesis of Ce(LNOx)4. 
 Reaction of 1 equiv of the red nitroxyl radical LNOx·, three equiv of HLNOx, and 1 equiv 
Ce[N(SiMe3)2]3 in toluene furnished a dark red product, Ce[η2-ON(tBu)(2-OMe-5-tBu-C6H3)]4 
(Ce(LNOx)4), which was isolated as a pure red powder (Scheme 2.2.2) in 90% yield following 
workup. The complex exhibited a characteristic diamagnetic 1H NMR spectrum that was 
consistent with a cerium(IV) center and four anionic ligands. A crystal structure of Ce(LNOx)4 
revealed the expected 4:1 stoichiometry resulting from oxidation of the cerium(III) cation by the 
nitroxyl radical LNO·. The cerium(IV) complex crystallized with uncommon S4 symmetry (Figure 
2.2.2), which was consistent with its solution NMR spectrum. In reported ‘-ate’ complexes of the 
general formula K[M(η2-ONiPr2)4], M = Y or Sm, symmetrical solution structures were observed 
by NMR spectroscopy. However, S4 symmetry was not found in the corresponding crystal 
structures of these trivalent rare earth cations.10 Related hydroxylaminato complexes of 
tetravalent metals were found in the literature for comparison. Ti(ONEt2)4 exhibits exact S4 
symmetry, while the compounds M(ONMe2)4, M = Si, Ti or Zr, crystallize with lower symmetry. 
The compounds M(ONMe2)4, M = Si, Ti or Zr exhibit the oxygen atoms binding in an extremely 
distorted tetrahedron, resulting in this lower symmetry.11  
 The oxygen atoms of Ce(LNOx)4 bind the cerium cation in a slightly distorted square plane, 
where Σ(∠O-Ce-O) = 361.3° and τ = 0.12. The nitrogen atoms are positioned around the cerium 
16 
   
in a pseudo-tetrahedral configuration, where τ = 0.95. The Ce–O bond lengths are 2.204(3) Å 
whereas the Ce–N bonds are quite long, at 2.557(4) Å. These observations suggest that the 
anionic donor oxygen is the preferred binding atom for the Lewis acidic cerium(IV) center in 
accordance with previous reports of hydroxylamines bound η2 to a single metal cation.12 The 
TEMPO– anion bound to a samarium(III) cation exhibited Sm–O bond lengths of 2.157(3) Å and 
Sm–N bond lengths of 2.522(4) Å.13 In a samarium compound bearing an N,N-bis[2-(pyrid-2-
yl)ethyl]hydroxylaminato ligand the bond lengths were similar, the Sm–O bond length was 
2.2258(19) Å and Sm–N bond length was 2.461(2) Å.14 
 
Figure 2.2.2. Thermal ellipsoid plot of the complex Ce(LNOx)4. Thermal ellipsoids set at 50% 
probability. Hydrogens were omitted and tert-butyl groups were represented as wireframes for 
clarity. Selected bond lengths [Å]: Ce(1)–O(1) 2.204(3), Ce(1)–N(1) 2.557(4), N(1)–O(1) 1.461(9). 
 The hydroxylamine nitrogen atoms in Ce(LNOx)4 are highly pyramidalized; the sums of the 
angles about the nitrogen atoms are 329.8°. Each ligand is identical due to the complex being S4 
symmetry. For other known lanthanide complexes with η2 bound hydroxylamines, the 
pyramidalization angles range from 326.4–339.1°.10, 12-15 In the crystal structure of HLNOx, the 
hydroxylamine nitrogen is also pyramidalized with an angle sum of 328.8°, due to hydrogen 
bonding. These observations suggest that the electron rich methoxy substituted ring favors the 
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hydroxylamine being out of plane with the ring to reduce electron donation into the π-system, as 
reported by our group for related pyridyl hydroxylamines.4b DFT Calculations on HLNOx at the 
B3LYP/6-31G* level of theory resulted in an optimized energy geometry where the hydroxylamine 
was rotated out of the plane of the aromatic ring (Figure 2.2.3). 
 
 
Figure 2.2.3. Optimized geometry of HLNOx, demonstrating the in-plane position of the -OMe 
group, and the out-of-plane position of the -NtBuOH group 
 
Figure 2.2.4. Optimized geometry of Ce(LNOx)4′. 
 Electrochemical characterization of Ce(LNOx)4 in dichloromethane yielded a cyclic 
voltammogram with a metal reduction feature at the strongly reducing potential of –1.85 V versus 
Fc/Fc+ (Figure 2.4.7a). The return oxidation wave of the metal reduction feature was significantly 
lower in signal at all scan rates, suggesting instability of the resulting reduced complex. Two 
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irreversible oxidations, assigned to the ligands, were also observed at Ep,a = –0.40 V, and +0.40 
V. Assignment of the E1/2 = –1.85 V wave to the CeIII/IV couple was made based on the tetrakis 
pyridyl nitroxide compound Ce[2-(tBuNO)py]4 which had a metal reduction centered at E1/2 = –
1.95 V.6, 16 Attempts to chemically reduce Ce(LNOx)4 using potassium mirror in THF resulted in 
returning complex Ce(LNOx)4 and an intractable mixture of other diamagnetic products, 
consistent with the irreversible metal reduction wave in the cyclic voltammetry. Attempts to 
synthesize the cerium(III) complex by reaction of Ce[N(SiMe3)2]3 with three equiv HLNOx resulted 
in products whose NMR spectra indicated closed shell complexes, accompanied by a color 
change to dark red. Both observations suggest oxidation of the metal-containing products to the 
cerium(IV) state. The spectra collected contained peaks diagnostic to Ce(LNOx)4 and other 
products.  
[Å] Ce(1)–O(1) Ce(1)–N(1) O(1)–N(1) Σ(∠N(1), C(1), C(12)) [o] 
Ce(LNOx)4 2.204(3) 2.557(4) 1.461(9) 329.8(4) 
Ce(LNOx)4′ 2.22178 2.74078 1.41946 332.34 
Table 2.2.1. Comparison of selected bond lengths and sums of angles between the crystal 
structure of Ce(LNOx)4 and the optimized geometry of Ce(LNOx)4′. 
 Previous reports of cerium complexes with stabilized cerium(III/IV) reduction potentials have 
implicated both the donor strength of the ligands and a degree of covalency with the cerium f-
orbitals as contributions to the stabilization.4c The electronic structure of Ce(LNOx)4 was 
interrogated computationally using hybrid DFT calculations at the B3LYP/6-31G* level of theory 
with the core electrons of cerium represented by ECP28MWB to compare to the previously 
characterized Ce(2-(t-BuNO)py)4.19 The 5-tert-butyl groups on the aromatic rings were truncated 
to hydrogen atoms to reduce the computational cost of the calculations. The truncated complex is 
referred to as Ce(LNOx)4′. The geometrical parameters matched well from Ce(LNOx)4 to 
Ce(LNOx)4′, with Ce–O bond lengths 2.204(3) Å and 2.222 Å, respectively (Table 2.2.1). In the 
optimized structure of Ce(LNOx)4′, the Ce–N bond lengths were significantly lengthened in the 
calculated structure, 2.741 Å compared to 2.557(4) Å in the crystal structure. This difference in 
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bond length may suggest that crystal packing effects shorten the Ce–N distances. The average 
Mayer Bond Order for the Ce–O bonds was determined to be 0.76 while the Ce–N bonds were 
0.25, suggesting that oxygen has a more significant interaction with cerium than the neutral 
nitrogen, as expected. 
       
Figure 2.2.5. Calculated energy level diagram of Ce(LNOx)4′ with a split axis between the HOMO 
(blue) and LUMO (red) (left). Relevant orbitals are shown, with occupied orbitals colored red and 
blue, and virtual orbitals green and yellow. UV-vis spectrum of Ce(LNOx)4 has fits performed 
using fityk17 on the data with an ordinate axis in eV (right). 
 The HOMO of Ce(LNOx)4′ was determined to be a doubly degenerate (e) set of orbitals of 
primarily N–O π* character with a small amount of orbital mixing between ligands and the 4f 
orbitals (Figure 2.2.5). The mixing was further investigated using the AOmix software,18 which 
revealed 11% 4f-orbital character in each of the orbitals in the degenerate pair of HOMO orbitals. 
This 4f-orbital contribution is greater than what was determined for the Ce(2-(t-BuNO)py)4 
complex, which was found to have only 8.3% 4f character in its HOMO orbital. Another set of 
orbitals exhibiting appreciable degrees of 4f-orbital and ligand mixing were the degenerate 
LUMO+5 and LUMO+6 virtual orbitals, which had 87% f-orbital contribution and 12% orbital 
contribution from the ligand fragment. In contrast, the LUMO exhibits only minor ligand character, 
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(2%). The HOMO-LUMO gap was computationally determined to be 3.47 eV (357 nm). In total, 
the DFT calculations are consistent with the electrochemical and spectroscopic data that indicate 
a strongly stabilized cerium(IV) cation. We have consistently observed ligand and 4f-orbital 
mixing in the electronic structure of strongly stabilized cerium(IV) complexes. We propose that 
this orbital mixing plays a role in the stabilization of these ions.{Bogart, 2015 #6;Bogart, 2013 #7} 
 The UV-vis spectrum (Figure 2.2.5) was recorded in toluene and the bands fit to Gaussian 
curves using fityk.17 The broad, high energy feature, which was fit by a curve with a peak at 359 
nm, was assigned to a LMCT transition.12 The higher energy bands were tentatively assigned to 
electronic transitions within the ligands. The charge transfer transition was ascribed to the intense 
red color of the complex. The charge transfers in cerium(IV) complexes have been shown to 
cover a wide range of energies, from 300 to 600 nm, which the peak at 359 nm falls within.4c, 19   
2.2.2. Synthesis of multitopic ligands and their complexes 
 With this the initial successes of our monotopic ligand HLNOx, we followed a similar synthetic 
procedure to generate a series of multitopic hydroxylamine ligands. Multitopic ligands have been 
shown in our group to stabilize cerium complexes to similar potentials as monotopic ligands. In 
addition, an improvement in the reversibility of electrochemical features for the resultant 
cerium(IV) complexes has been observed.2, 5 Our hypothesis is that the multitopic ligands, by 
virtue of increased chelation, produce complexes more stable to oxidation and reduction. The 
series of ligands explored in this chapter included O,O-bis-(2-tert-butylhydroxylaminatobenzyl) 
ether (H2ODiNOx) obtained in 83% yield, N,N-bis-(2-tert-butylhydroxylaminato benzyl) aniline 
(H2PhNDiNOx) obtained in 68% yield, and N,N,N′,N′-tetrakis-(2-tert-butylhydroxylaminatobenzyl) 
ethylenediamine (H4TetraNOx) obtained in 58% yield. The hydroxylamines were generated from 
the aryl bromides O,O-bis-(2-bromobenzyl) ether, N,N-bis-(2-bromobenzyl) aniline, and N,N,N′,N′ 
-tetrakis-(2-bromobenzyl) ethylenediamine, respectively (Scheme 2.2.3). These aryl bromides 
were prepared according to literature procedures.20 All of the synthesized ligands exhibited 
significant air stability, similar to HLNOx. 
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Scheme 2.2.3. Syntheses of H2EDiNOx (E=O, PhN) and H4TetraNOx. 
 The ligands H2ODiNOx and H4TetraNOx were crystallographically characterized. H2ODiNOx 
exhibited intramolecular hydrogen bonding, resulting in infinite 1-D hydrogen bonding chains 
(Figure 2.2.6). This hydrogen bonding network was implicated in the air stability of H2ODiNOx, as 
in HLNOx. The hydroxylamine bond lengths, N(1)–O(1) 1.4606(11), N(2)–O(2) 1.4633(11), 
compare well to other related hydroxylamines. The backbone oxygen is not involved in the 
hydrogen bonding network. H4TetraNOx also exhibited hydrogen bonding, though this was 
limited to intramolecular hydrogen bonding, and involved the nitrogen backbone of the ligand 
(Figure 2.2.7). The hydroxylamine bond lengths, N(1)–O(1) 1.4603(10), N(2)–O(2) 1.4546(12), fall 
in the range of hydroxylamine bond lengths in the literature.5, 8-9 
 
Figure 2.2.6. Thermal ellipsoid plot of H2ODiNOx. Thermal ellipsoids set at 50% probability. Non-
interacting hydrogens were omitted for clarity. Selected bond lengths [Å]: N(1)–O(1) 1.4606(11), 
N(2)–O(2) 1.4633(11), O(1)–N(1′) 2.8838(12). 
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Figure 2.2.7. Thermal ellipsoid plot of H4TetraNOx. Thermal ellipsoids set at 50% probability. 
Non-interacting hydrogens were omitted for clarity. Selected bond lengths [Å]: N(1)–O(1) 
1.4603(10), N(2)–O(2) 1.4546(12), O(2)–O(1) 2.7612(11), O(1)–N(3) 2.7310(12). 
 This series of ligands were then reacted with a variety of cerium(III) and cerium(IV) starting 
materials in different conditions. All reactions with cerium(III) starting materials provided 
diamagnetic NMRs, suggesting that the ligands were inducing oxidation of the cerium center to 
cerium(IV), similar to the reactivity of HLNOx. These reactions provided conditions for the 
isolation of Ce(ODiNOx)2, which was generated by protonolysis reaction from the tetravalent 
Ce[N(SiHMe2)2]4 with two equivalents of H2ODiNOx in 91% yield. Single crystals of the complex 
CeClN(SiMe3)2(PhNDiNOx) were also obtained from the reaction of CeCl[N(SiMe3)2]3 with one 
equivalent of H2PhNDiNOx at -78 oC. Bulk isolation of this compound was not achieved and 
characterization by NMR was inconclusive. 
 In the case of the multitopic ligands, the hydroxylamines were found to bind in predominantly 
the η2–N,O binding mode, with the κ1–O binding being observed in only one arm of the 
Ce(ODiNOx)2 complex (Figure 2.2.8). This combination of coordination modes was also 
observed in related work from the group where a bidentate hydroxylamine ligand with an aryl 
backbone was coordinated to cerium(IV).5 When the 1H NMR of Ce(ODiNOx)2 was measured at 
room temperature, few of the peaks could be resolved and broad resonances were apparent in 
the spectrum. When the temperature was increased, these resonances coalesced and gave an 
interpretable spectrum, suggesting a symmetric complex where each ligand and each arm were 
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identical, providing one set of aryl resonances and one resonance for the benzylic protons. These 
observations demonstrate the flexibility of the anionic donor hydroxylaminato ligands. 
 
Figure 2.2.8. Thermal ellipsoid plot of Ce(ODiNOx)2 (one of two independent molecules). 
Thermal ellipsoids set at 50% probability. Hydrogen atoms were omitted for clarity. Selected bond 
lengths [Å]: η2–N(avg)–O(avg) 1.429(3), κ1–N(4)–O(6) 1.417(3), η2–Ce(1)–O(avg) 2.241(2), κ1–
Ce(1)–O(6) 2.175(2). 
 The Ce–O bond lengths in Ce(ODiNOx)2 for the η2 bound hydroxylamines ranged from 
2.229(2)–2.253(2) Å whereas the Ce–O bond for the κ1 arm is shorter by ~0.1 Å, at 2.175(2) Å. 
The Ce–N bonds from the η2 arms ranged from 2.493(2)–2.642(2) Å, while the nitrogen on the κ1 
arm was 3.459(3) Å away, clearly non-bonding. The backbone oxygen atoms each also bond to 
the cerium center, at 2.674(2) and 2.714(2) Å, typical for coordination of neutral oxygen atoms to 
a Ce(IV) center.21 These observations are similar to those made for the Ce(LNOx)4 compound. 
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Figure 2.2.9. Optimized geometry of Ce(ODiNOx)2′. Selected calculated bond distances (Å): 




































Table 2.2.2. Comparison of selected bond lengths and sums of angles between the crystal 
structure of Ce(ODiNOx)2 and the optimized geometry of Ce(ODiNOx)2′. 
 The structure of Ce(ODiNOx)2 was optimized using hybrid DFT calculations at the B3LYP/6-
31G* level of theory with the core electrons of cerium represented by ECP28MWB (Figure 2.2.9). 
The optimized structure demonstrated a similar geometry to that observed in the solid state, with 
three of the hydroxylamine arms coordinated η2, and one coordinated κ1. The backbone oxygen 
atoms also remained coordinated, supporting the optimized structure. The hydroxylamine arms 
coordinated η2 had computed bond lengths ranging from 2.23345–2.25320 Å, which compare well 
to the experimental values which range from 2.229(2)–2.253(2) Å. The computed bond length of 
25 
   
the κ1, 2.20202 Å also compared well to the experimental value of 2.175(2). 
 Electrochemical characterization of Ce(ODiNOx)2 demonstrated a reversible metal reduction 
feature at –1.84 V versus Fc/Fc+ (Figure 2.4.8a). A reversible oxidation, assigned to the ligand, 
was also observed at Ep,a = –0.76 V. The metal reduction at E1/2 = –1.84 V is similar to the CeIII/IV 
couple observed in other cerium hydroxylaminato complexes, including Ce(LNOx)4. The 
reversible oxidation wave observed in the CV suggests that upon oxidation, the complex remains 
intact on the electrochemical time scale. Based on observations of related compounds from our 
group, this reversible oxidation is assigned as an oxidation of the coordinated ODiNOx ligand.5 
The improved reversibility of the electrochemical features between Ce(LNOx)4 and Ce(ODiNOx)2 
support the hypothesis that multitopic ligands produce cerium complexes that are more stable to 
oxidation and reduction. 
 
Figure 2.2.10. Thermal ellipsoid plot of CeCl(N(SiMe3)2)(PhNDiNOx). Thermal ellipsoids set at 
50% probability. Hydrogens were omitted for clarity. Selected bond lengths [Å]: N(1)–O(1) 
1.43532(4), N(2)–O(2) 1.43326(4), Ce(1)–N(3) 2.22457(6), Ce(1)–O(1) 2.13924(5), Ce(1)–O(2) 
2.13842(7), Ce(1)–Cl(1) 2.66166(10). 
 Finally, during attempts to synthesize heteroleptic complexes with supporting hydroxylaminato 
ligands, CeCl[N(SiMe3)2]3 was reacted with one equivalent of H2PhNDiNOx at low temperature. 
The resulting mixture was difficult to characterize, but single crystals of 
CeCl(N(SiMe3)2)(PhNDiNOx) were obtained and characterized crystallographically (Figure 
2.2.10). The structure exhibits the PhNDiNOx ligand with two hydroxylamine ligands coordinated 
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η2, a chloride ligand, and one bis-silyl amide ligand. The backbone nitrogen, N(4), is not involved 
in bonding. In other reactions with hydroxylaminato ligands, ligand redistribution is common and 
often results in homoleptic complexes, while CeCl(N(SiMe3)2)(PhNDiNOx) stands as an 
exception. 
2.2.3. Computational characterization of cerium reduction potentials 
 Computational chemistry is a powerful tool in predicting reduction potentials of new 
compounds, including organic molecules, transition metal complexes, and f-block metal 
complexes.22 Previously, our group developed a correlation between DFT calculated and 
experimental electrochemical data for a series of cerium complexes in acetonitrile.22g We used a 
similar method to the one described by Batista and coworkers for transition metal complexes,22d 
where first the ΔGo(CeIII/CeIV) was calculated by determining the free energies of CeIV and CeIII of 
each complex in an acetonitrile solvent continuum. The E1/2 values were obtained by applying the 
Nernst equation to the calculated ΔG and referencing the values to the E1/2 of ferrocene 
computed in the same solvent continuum.  
 Gillmore and coworkers have also used DFT calculations to determine the reduction potentials 
for a wide range of organic molecules.22b Instead of calculating both the oxidized and reduced 
forms of the molecules of interest, they calculated only the oxidized species in a solvent 
continuum. From this calculation, they obtained the LUMO energy, which was found to correlate 
well with the experimental reduction potential for over 74 different organic molecules, indicating 
this method’s utility. Compared to calculating the full thermodynamic cycle to develop a semi-
empirical correlation, the use of the LUMO energies in such correlations would at least halve the 
computation time needed to predict the reduction potentials of new complexes. For the current 
work we elected to explore the efficacy of this method for cerium complexes. 
 We compare the accuracy of using the computed LUMO energies versus experimental E1/2 
method to the computed versus experimental E1/2 approach to correlate and predict cerium redox 
potentials in a dichloromethane solvent continuum. We focused on correlating calculated and 
experimental reduction potentials of previously reported cerium complexes. To test the semi-
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empirical correlations, we utilized Ce(LNOx)4 and Ce(ODiNOx)2 as points of reference for the 
strength of the predictive correlation.  
  
 
Scheme 2.2.4. Chemdraws of the electrochemically characterized complexes utilized in this 
correlation. Cerium ions in purple represent CeIV while cerium ions in orange represent CeIII, OAr 
= 2,6-diphenylphenol, MBP = methylene bis-phenolate, ODiNOx = bis(2-tert-




Previously in our group, several cerium complexes were electrochemically and computationally 
characterized. These compounds analyzed by Dr. Jessica Levin included CeIV[N(SiHMe2)]2]4,19a, 23 
CeIV(NiPr2)4 and its reduced at complex [Li(THF)][CeIII(NiPr2)4],24 CeIV(OAr)4 where OAr = 2,6-
diphenylphenol,19a and CeIV[N(SiMe3)2]3X, where X = F, Cl, and Br.25 Jessica also included the  
higher coordinate complex, CeIV(arene-DiNOx)2.26 This dissertation contributes the synthesis, 
electrochemical, and computational characterization of Ce(LNOx)4 and Ce(ODiNOx)2 to this 
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experimental and computational body of work. In addition, several previously characterized 
complexes were calculated for this contribution and are detailed here. We have expanded the 
correlation by adding a tetracoordinate, neutral CeIII complex, 
[(Me3Si)2NC(NiPr)2]CeIII[N(SiMe3)2]2.27 We then moved to higher coordinate complexes, including 
CeIV(MBP)2(THF)2 and its reduced -ate complex  [Li(THF)2][CeIII(MBP)2(THF)2] where MBP = 
methylene bis-phenolate,28 the seven-coordinate K[CeIV(OPh)(bdmmp)3] where bdmmp = 
(bis(dimethylamino)methyl-4-phenolate),29 and the eight-coordinate CeIV(omtaa)2 where omtaa = 
octamethyltetraazaannulene.30 Finally, five cerium complexes featuring porphyrinate and 
phthalocyanate macrocyclic ligands were included in our correlation, all of which were reported as 
having multiconfigurational ground states. These compounds included Ce(OEP)2,31 
Ce(OEP)(TPP),32 Ce(Pc)(TPyP), Ce(Nc)(OEP),33 Ce(Pc)(TPP),34 where OEP = 
octaethylporphyrin, TPP = tetraphenylporphyrin, Pc = phthalocyanine, and TPyP = 
tetrapyridylporphyrin, Nc = naphthocyanine. For the complexes Ce(OEP)2 and Ce(OEP)(TPP), 
OEP ligands were truncated to OHP (octahydroporphyrin) and OMP (octamethylporphyrin), 
respectively. This truncation was done to achieve geometries with no negative frequencies. 
Each complex was optimized using DFT in a DCM solvent continuum field. The initial 
geometries were based on their previously reported crystal structures. Once these calculations 
were found to be energetic minima with no negative frequencies, the optimized geometries were 
used as inputs to complete the redox couple by calculating either the CeIII or CeIV redox state. 
Once all these calculations were completed, the ΔGo(CeIII/CeIV) values were computed from the 
difference in thermal free energy between the two redox states. These ΔGo’s were then converted 
to absolute calculated E1/2 values by comparison to the calculated Fc/Fc+ standard (ΔGo = -5.24 
eV). These calculated values were then correlated with the experimental E1/2 values. A scalar 
correction of 240 mV was applied to the calculated E1/2. This value was the systematic error 
attributed to referencing the calculated cerium potentials to ferrocene, and minimized the mean 
absolute deviation.22d, 22g When this correlation was completed for all the compounds, the 
observed fit was found to be good, with R2 = 0.95, and with a MAD of 110 mV (Figure 2.2.11). 
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Figure 2.2.11. The correlation of calculated versus experimental E1/2 of a series of cerium 
complexes (left). The correlation of calculated LUMO energy versus the experimental reduction 
potential of a series of cerium complexes (right).  The correlation on the right was performed on 
the unambiguous data set only. 
In addition to this first correlation, a second method was used as a computationally simpler 
model. It has been shown previously that correlations between the LUMO energy of the oxidized 
species and the experimental E1/2 have high fidelity. When a correlation was made with this data 
set, an interesting observation was made. For complexes with unambiguous ground states (4f0L), 
the correlation had predictive power (Figure 2.2.11, right). However, the cerium 
porphyrinate/pthalocyanate complexes were not easily predicted using this method. When the 
porphyrinate/pthalocyanate complexes were included in the correlation, the R2 worsened from 
0.93 to 0.77 and the MAD changed from 130 mV to 290 mV. Some cerium complexes such as 
cerrocene, Ce(COT)2, are established to have ambiguous ground states.35 The states 4f0L and 
4f1 L̅, where L̅ represents a ligand hole, are the major contributions in these cases.36 The cerium 
porphyrinate/pthalocyanate complexes are also known to have such complex electronic ground 
states. We propose that the LUMO energy does not capture the significant stabilizing effect these 
multiconfigurational ground states have on the complexes. The calculated LUMO energy predicts 
that these complexes should be much more easily reduced, up to 860 mV in the case of 
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Ce(OEP)2. This set of compounds was predicted to be less stable by an average of 710 mV by 
the LUMO energy method. For comparison, the average error for this set of five compounds was 
only 80 mV when calculated using the ΔGo method. According to these observations, the first 
method of comparing thermal free energies, using a thermodynamic cycle, is more broadly 
applicable to cerium complexes, and demonstrated no problems for any of the complexes 
studied. The LUMO correlation, however, is dependent on the types of ligands coordinated to 
cerium, and made poor predictions for those compounds in which the ground state is multi-
configurational. 
 
Figure 2.2.12. The correlation of calculated versus experimental E1/2 of a series of cerium 
complexes with selected observations highlighted (left). Chemdraw of the two electrochemical 
reactions explored for the cerium MBP complexes showing a comparison of experimental versus 
calculated values (right). 
Considering anionic cerium complexes, the compound [Li(THF)2][CeIII(MBP)2(THF)2] was 
calculated and {[Li(THF)2][CeIV(MBP)2(THF)2]]} was calculated as its redox partner. When these 
compounds were examined in the correlation, the calculated E1/2 and LUMO energy did not 
match well with the experimental data (purple data points in Figure 2.2.12). Both the calculated 
E1/2 and the calculated LUMO energy underestimated the reduction potential of the cerium center 
in [Li(THF)2][Ce(MBP)2(THF)2]. Based on the underestimated reduction potential, we postulated 
that the isolated solid state structure was not the same as the solution structure in THF, the 
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solvent in which the experimental electrochemistry was performed. In the solid state, the Li+ 
cation was inner sphere and associated with the Ce(MBP)2 complex. In a THF solution, however, 
the Li+ cation could be fully solvated by THF, changing from an inner sphere to an outer sphere 
cation. An outer sphere Li+ cation would make the cerium metal center more electron rich, 
resulting in a larger (more negative) CeIV reduction potential, which would better correlate with the 
experimental data. To test this hypothesis, the complex Ce(MBP)2(THF)2 was also calculated in 
the CeIII and CeIV states using the B3LYP basis set in a dichloromethane solvent continuum 
based on its reported crystal structure. The calculated E1/2 and LUMO energy values of the outer-
sphere complex were compared to the experimental [Li(THF)2][CeIII(MBP)2(THF)2] 
electrochemical data, and these were added to the calculated versus experimental E1/2. The 
calculated outer-sphere complex predicted the experimental [Li(THF)2][CeIII(MBP)2(THF)2] data, 
supporting the hypothesis that the Li+ cation was outer-sphere in THF. This was shown for both 
methods of E1/2 prediction. These observations were corroborated by the previous study, in which 
a 7Li NMR spectrum was recorded in d5-pyridine, showing a resonance at +4.36ppm, which is in 
the diamagnetic range for 7Li, suggesting little effect from the paramagnetic CeIII cation. In 
addition, the compound CeIV(MBP)2(THF)2 was generated as a mixture with the -ate complex 
[Li(THF)3CeIVCl(MBP)2(THF)]. When this mixture was measured electrochemically in THF, only 
one feature was observed, and the E1/2 matched that of [Li(THF)2][CeIII(MBP)2(THF)2]. These 
results show the sensitivity of the computational method, which is able to distinguish between the 
inner- and outer-sphere coordination of metal cations that perturb the parent complex redox 
potential by 640 mV. 
In a similar scenario, both [Li(THF)][CeIII(NiPr2)4] and CeIV(NiPr2)4 were crystallographically, 
electrochemically, and computationally characterized by Anwander and co-workers. These data 
showed significantly different results in the E1/2 values of the interrelated compounds. 
[Li(THF)][CeIII(NiPr2)4] and CeIV(NiPr2)4 were found to have experimental reduction potentials of –
0.85 and –1.84 V versus Fc/Fc+, respectively, and had computational reduction potentials of –
1.01 and –1.63 V versus Fc/Fc+, respectively. Here again, the computational method is shown to 
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be sensitive to the effect of an inner-sphere cation on the reduction potential of a cerium complex 
on the order of 620 mV (green data points in Figure 2.2.12). The similarity of the effect of a lithium 
cation in both systems is further support of the effectiveness of these methods. 
 
Table 2.2.3. Selected compounds and the comparison of their experimental versus predicted 
reduction potentials. Li′ = Li(THF), N* = N(SiMe3)2, OAr = 2,6-diphenylphenol. 
This correlation was then utilized to compare the predicted E1/2 values to the experimental 
values of Ce(LNOx)4 and Ce(ODiNOx)2. The experimental E1/2 for Ce(LNOx)4 was measured to 
be −1.85 V versus Fc/Fc+, whereas the computed versus experimental E1/2 correlation predicted a 
value of −1.97 V versus Fc/Fc+. The LUMO versus experimental E1/2 correlation predicted the 
reduction potential to be at a slightly more reducing potential, −2.14 V versus Fc/Fc+. The 
absolute deviations for Ce(LNOx)4 were 120 and 290 mV for the E1/2 and LUMO methods 
respectively.  The experimental E1/2 for Ce(ODiNOx)2 was measured at −1.84 V versus Fc/Fc+, 
whereas the computed versus experimental E1/2 correlation predicted a value of −1.67 V versus 
Fc/Fc+. The LUMO versus experimental E1/2 correlation predicted the reduction potential to be at 
a slightly more reducing potential, −1.87 V versus Fc/Fc+. The absolute deviations for 
Ce(ODiNOx)2 were 170 and 30 mV for the E1/2 and LUMO methods respectively. These results 
support the predictive power of these methods. 
(V vs. 
Fc/Fc+) 
CeN*3F Ce(OAr)4 Li′[Ce(NiPr2)4] Ce(NiPr2)4 Ce(OEP)2 Ce(ODiNOx)2 
Experimental -0.61 -0.50 -0.85 0.03 -1.06 -1.84 
ΔGo 
Predicted 
-0.78 -0.59 -1.01 -0.08 -0.82 -1.67 
LUMO 
Predicted 
-0.73 -0.42 -1.01 0.15 -0.20 -1.87 
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Figure 2.2.13. At left, the correlation of calculated versus experimental E1/2 of a series of 
complexes in dichloromethane (blue) and D2d complexes in acetonitrile (red). At right, the 
correlation of calculated LUMO energy versus the experimental reduction potential of a series of 
complexes with unambiguous ground states in dichloromethane (blue) and in acetonitrile (red). 
Because the CeIII/IV reduction potentials are mainly governed by ligand electrostatics,37 we 
considered that a more generalized non-aqueous solvent calculated versus experimental 
correlation could be achieved. We hypothesized that the CeIII/IV potentials would not be sensitive 
to the solvent so long as the anionic ligands saturated the coordination sphere about the cerium 
cation. To test this hypothesis, the computed versus experimental correlations in dichloromethane 
were combined with our previously reported computed versus experimental D2d complex 
correlations in acetonitrile (Figure 2.2.13).22g For the combined dichloromethane and acetonitrile 
computed E1/2 versus experimental E1/2 correlation, the calculated E1/2 values were corrected 
using their respective solvent-dependent correction factors, 0.24 for dichloromethane (DCM) and 
0.30 for acetonitrile (MeCN).22g No correction factors were necessary for combining the energy of 
the LUMO versus experimental E1/2 correlations, but as before, complexes with established 
multiconfigurational ground states were omitted from both data sets (Ce(C8H8)2 was the only 
example in the ACN correlation). Both methods achieved good linear fits, with R2 values either 
equal to or superior than those from the individual solvents.22g The MAD for the computed E1/2 
method was found to be 130 mV, and that of the LUMO method was 120 mV. Thus, our results 
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demonstrate that to predict a cerium complex’s redox potential in any non-aqueous solvent, the 
fastest method would be to use the LUMO energy correlation provided in Figure 2.2.13. However, 




 In an attempt to increase the electron donating nature of our hydroxylaminato ligands, we 
found a change in binding mode from κ1–O to η2–N,O. We found that the η2–N,O binding mode 
was similarly effective for stabilizing the CeIV oxidation state and had similar ligand/4f-orbital 
mixing in the computational electronic structure to complexes which exhibited κ1–O binding. In 
this context, we have synthesized a series of hydroxylaminato ligands and two homoleptic CeIV 
complexes with hydroxylamine ligands bound in η2 and κ1 modes. The spectroscopic and 
electrochemical data indicate that cerium cations have a strong affinity for the hydroxylamine 
ligands. The simplicity of synthesizing ligands with available η2 coordination sites has afforded 
exploration of multitopic hydroxylamine ligand frameworks. These multitopic ligands were found 
to stabilize the resultant cerium complex to both oxidation and reduction under electrochemical 
conditions. Further development of the coordination chemistry of η2–N,O moieties with rare earth 
cations and their prospects for separations chemistry remain of significant interest to our group. 
 In addition, a series of cerium(IV) and cerium(III) complexes were calculated using the B3LYP 
basis set and a dichloromethane solvent continuum. The two correlation lines generated by the 
calculated E1/2 versus the experimental E1/2 and the CeIV LUMO energies versus the experimental 
E1/2 were then used to predict the cerium redox potential for Ce(LNOx)4 and Ce(ODiNOx)2. The 
computed E1/2 versus experimental E1/2 correlation and the correlation of the LUMO energies with 
the experimental E1/2 both provided reasonable predictions of the experimental E1/2 of these 
cerium complexes. These predictive methods are even effective in making arguments about the 
solution structure and coordination of alkali metals in cerium -ate complexes. Finally, we were 
able to generate one unified correlation of the computed E1/2 versus experimental E1/2 in both 
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acetonitrile and dichloromethane, as well as another unified correlation of the LUMO energies 
with the experimental E1/2 in both acetonitrile and dichloromethane. Based on the linearity of 
these fits, both of these correlations were equally accurate. 
 
2.4 Experimental Procedures 
General Methods. For all reactions and manipulations performed under an inert atmosphere 
(N2), standard Schlenk techniques or a Vacuum Atmospheres, Inc. Nexus II drybox equipped with 
a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system were used. Glassware was oven-
dried overnight at 150 °C prior to use. 1H-NMR spectra were obtained on a Brüker AM-500, 
Brüker UNI-400, or a Brüker DMX-300 Fourier transform NMR spectrometer at 500, 400, or 300 
MHz, respectively. 13C[1H]-NMR were recorded on a Brüker AM-500 or a Brüker DMX-300 
Fourier transform NMR spectrometer at 126 or 76 MHz respectively. All spectra were measured 
at 300 K unless otherwise specified. Chemical shifts were recorded in units of parts per million 
downfield from residual proteo solvent peaks (1H-) or characteristic solvent peaks (13C[1H]). All 
coupling constants are reported in hertz. The infrared spectra were obtained from 400-4000 cm–1 
using a Perkin Elmer 1600 series infrared spectrometer. Elemental analyses were performed at 
the University of California, Berkeley Microanalytical Facility using a Perkin-Elmer Series II 2400 
CHNS analyzer. 
Materials. Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with dry Ar and dried 
using a commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes and pentane), or two columns of neutral 
alumina (for THF, Et2O and CH2Cl2). Deuterated chloroform, benzene, and pyridine were 
purchased from Cambridge Isotope Laboratories, Inc. Deuterated benzene was stored for at least 
24 h over potassium mirror, whereas chloroform and pyridine were stored over 4 Å molecular 
sieves prior to use. 2-Bromo-4-tert-butylanisole was prepared according to a literature 
procedure.38 Ce[N(SiMe3)2]3, CeCl[N(SiMe3)2]3 and Ce[N(SiHMe2)2]4 were prepared according to 
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literature procedures.19a, 39 PbO2 and a 1.6 M nBuLi solution in hexanes were used as received 
from Acros Organics.  2-Methyl-2-nitrosopropane was prepared by a modified procedure.40  
 
 Synthetic Details and Characterization 
Synthesis of 2-(tert-butylhydroxylamino)-4-tert-butylanisole (HLNOx).  
 The synthesis of HLNOx was accomplished by modifying a related procedure.4 A 250 mL 
Schlenk flask was charged in an inert atmosphere glovebox with 2-bromo-4-tert-butylanisole 
(1.29 g, 5.30 mmol, 1.00 equiv) and 80 mL of Et2O. The flask was cooled to –78 °C under inert 
atmosphere on a Schlenk line. A 1.6 M solution of nBuLi in hexanes (4.0 mL, 6.4 mmol, 1.2 equiv) 
was added dropwise to the solution using a syringe and the resulting pale yellow solution was 
stirred for 2 h. A flask was charged in a glovebox with 2-methyl-2-nitrosopropane (0.920 g, 10.6 
mmol, 2.00 equiv) and 20 mL of Et2O. The blue solution of 2-methyl-2-nitrosopropane was cooled 
to –78 °C on a Schlenk line and was added via cannula transfer into the solution of lithiated 
starting material. The resulting green solution was stirred at –78 °C for 2 h. The solution was 
warmed slowly to RT and a degassed, saturated solution of NH4Cl was added (30 mL) to quench 
the reaction. The aqueous layer was removed, and the organic layer was washed with distilled 
water. The aqueous layer was again removed, and the organic volatiles were removed under 
reduced pressure. The resulting yellow solid was brought into a dry box. The solid was then 
suspended in 10 mL of hexanes and was collected by filtration over a medium porosity fritted 
filter, and washed with 20 more mL of hexanes. The solid was washed with hexanes to remove 
any unreacted starting material, resulting in an off-white solid. Air stable, X-ray diffraction quality 
crystals were grown from toluene layered with hexanes in the freezer. Yield 0.77 g, 3.1 mmol, 58 
%; 1H NMR (300 MHz, pyridine-d5) δ 10.02 (s, 1H, OH), 8.09 (d, J = 2.7 Hz, 1H), 7.22 (dd, J = 
8.4, 2.7 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 3.76 (s, 3H), 1.43 (s, 9H), 1.33 (s, 9H); 13C NMR (75 
MHz, pyridine-d5) δ 153.3, 143.4, 140.9, 125.4, 123.2, 112.6, 61.5, 56.2, 34.7, 32.1, 26.4 ppm. 
ESI-MS m/z: calcd. for [C15H26NO2]+: 252.1964; found, 252.1972.  
Synthesis of Ce[η2-ON(tBu)(2-OMe-5-tBu-C6H3)]4 (Ce(LNOx)4) 
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 HLNOx (50. mg, 0.20 mmol, 1.0 equiv) was dissolved in toluene. Solid PbO2 (285 mg, 1.19 
mmol, 6.0 equiv) was added, and the solution turned dark red and was stirred for 12 h. The 
solution was filtered through a Celite packed coarse porosity fritted filter to give a clear red 
solution, to which HLNOx (150. mg, 0.597 mmol, 3.0 equiv) was added. To this mixture, a yellow 
solution of Ce[N(SiMe3)2]3·C7H8 (142 mg, 0.20 mmol, 1.0 equiv) in toluene was added dropwise. 
The resulting dark red solution was stirred for 10 minutes and volatiles were removed under 
reduced pressure to yield a dark red solid. This solid was dissolved in hexanes, filtered, and 
volatiles were again removed to yield a red powder. X-ray diffraction quality crystals were grown 
from slow evaporation of pentane at –25 °C.  Yield 206 mg, 0.181 mmol, 90.5%; 1H NMR (300 
MHz, benzene-d6) δ 7.50 (s, 4H, Ar), 7.11 (d, J = 2.4 Hz, 4H, Ar), 6.73 (d, J = 8.7 Hz, 4H, Ar), 
3.68 (s, 12H, OMe), 1.38 (s, 36H, tBu), 1.19 (s, 36H, tBu); 13C NMR (75 MHz, benzene-d6) δ 
153.0, 141.7, 140.8, 125.4, 123.0, 110.3, 64.9, 55.5, 34.6, 32.3, 26.9. Elemental analysis found 
(calculated) for C60H96N4O8Ce: C, 63.27 (63.13); H, 8.31 (8.48); N, 4.84 (4.91). 
General Procedure for Synthesis of H2EDiNOx ligands (E = O, PhN). 
 A 100 mL Schlenk flask was charged in an inert atmosphere glovebox with the 
bis(bromobenzyl) starting material (2.81 mmol, 1.00 equiv) and 10 mL of Et2O. The flask was 
cooled to –10 °C under inert atmosphere on a Schlenk line. A 2.3 M solution of nBuLi in hexanes 
(2.7 mL, 6.2 mmol, 2.2 equiv) was added dropwise to the solution using a syringe and the 
resulting pale yellow solution was stirred for 2 h. A flask was charged in a glovebox with 2-methyl-
2-nitrosopropane (0.612 g, 7.02 mmol, 2.50 equiv) and 10 mL of Et2O. The blue solution of 2-
methyl-2-nitrosopropane was cooled to –10 °C on a Schlenk line and was added by cannula 
transfer into the solution of lithiated starting material. The resulting green solution was stirred at –
10 °C for 2 h. The solution was warmed slowly to RT and a degassed, saturated solution of 
NH4Cl was added (20 mL) to quench the reaction. The aqueous layer was removed, and the 
organic layer was washed with distilled water. The aqueous layer was again removed, and the 
organic volatiles were removed under reduced pressure. The resulting yellow solid was brought 
into an N2 atmosphere dry box. The solid was then dissolved in 10 mL of hot hexanes and placed 
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in the freezer. Crystals were collected by filtration over a medium porosity fritted filter, and 
washed with 20 mL of cold hexanes resulting in pale-yellow crystals.  
O,O-bis-(2-tert-butylhydroxylaminatobenzyl) ether (H2ODiNOx) 
 X-ray diffraction quality crystals were grown from hexanes in the freezer. Yield 0.868 g, 2.3 
mmol, 83 %; 1H NMR (300 MHz, pyridine-d5) δ 10.24 (s, 2H, OH), 7.99 (d, J = 8.0 Hz, 2H), 7.83 
(d, J = 7.6 Hz, 2H), 7.40 (dd, J = 7.5, 7.5 Hz, 2H), 7.290 (dd, J = 7.4, 7.4 Hz, 2H), 5.02 (s, 4H), 
1.28 (s, 18H); 13C NMR (75 MHz, pyridine-d5) δ 148.9, 135.9, 127.6, 126.8, 126.7, 125.5, 68.6, 
60.3, 25.8 ppm. ESI-MS m/z: calcd. for [C15H26NO2]+: 252.1964; found, 252.1972.  
N,N-bis-(2-tert-butylhydroxylaminatobenzyl) aniline (H2PhNDiNOx) 
 Yield 0.855 g, 1.91 mmol, 68%; 1H NMR (300 MHz, benzene-d6) δ 7.61 (d, J = 8.02 Hz, 2H), 
7.43 (d, J = 7.57 Hz, 2H), 7.27 (dd, J = 7.7, 7.7 Hz, 2H), 7.15-6.90 (overlap, 6H), 6.82 (t, J = 6.85, 
1H), 5.20 (s, 2H, OH), 4.72 (s, 4H), 1.02 (s, 18H); 13C NMR (75 MHz, pyridine-d5) δ 150.5, 148.3, 
135.3, 132.9, 129.5, 128.5, 126.7, 126.3, 116.8, 112.5, 60.7, 49.4, 25.4 ppm. ESI-MS m/z: calcd. 
for [C28H38N3O2]+: 448.2964; found, 448.2968.  
Synthesis of N,N,N′,N′-tetrakis-(2-tert-butylhydroxylaminatobenzyl) ethylenediamine 
(H4TetraNOx) 
 A 100 mL Schlenk flask was charged in an inert atmosphere glovebox with the 
tetrakisbromobenzyl starting material (2.81 mmol, 1.00 equiv) and 10 mL of Et2O. The flask was 
cooled to –10 °C under inert atmosphere on a Schlenk line. A 2.3 M solution of nBuLi in hexanes 
(5.4 mL, 12.4 mmol, 4.4 equiv) was added dropwise to the solution using a syringe and the 
resulting pale yellow solution was stirred for 2 h. A flask was charged in a glovebox with 2-methyl-
2-nitrosopropane (1.224 g, 14.0 mmol, 5.00 equiv) and 10 mL of Et2O. The blue solution of 2-
methyl-2-nitrosopropane was cooled to –10 °C on a Schlenk line and was added via cannula 
transfer into the solution of lithiated starting material. The resulting green solution was stirred at –
10 °C for 2 h. The solution was warmed slowly to RT and a degassed, saturated solution of 
NH4Cl was added (20 mL) to quench the reaction. The aqueous layer was removed, and the 
organic layer was washed with distilled water. The aqueous layer was again removed, and the 
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organic volatiles were removed under reduced pressure. The resulting yellow solid was brought 
into a dry box. The solid was then dissolved in 10 mL of hot hexanes and placed in the freezer. 
Crystals were collected by filtration over a medium porosity fritted filter, and washed with 20 mL of 
cold hexanes resulting in pale-yellow crystals. Yield 1.25 g, 1.63 mmol, 58 %; 1H NMR (300 MHz, 
benzene-d6) δ 8.71 (s, 4H, OH), 7.61 (dd, J = 7.9, 1.6 Hz, 4H), 7.15 (dd, J = 7.4, 1.1 Hz, 4H), 7.09 
(ddd, J = 7.9, 7.9, 1.6 Hz, 4H), 6.97 (ddd, J = 7.9, 7.4, 1.1 Hz, 4H), 3.64 (s, 8H), 2.82 (s, 4H), 1.17 
(s, 36H); 13C NMR (75 MHz, benzene-d6) δ 150.5, 136.3, 131.9, 128.6, 125.9, 59.6, 57.1, 51.3, 
27.2 ppm. ESI-MS m/z: calcd. for [C46H69N6O4]+: 769.5380; found, 769.5386. 
Synthesis of Ce[O,O-bis-(2-tert-butylhydroxylaminatobenzyl) ether]2 (Ce(ODiNOx)2) 
 A 20 mL scintillation vial was charged with 4 mL of THF to which H2ODiNOx (100.0 mg, 0.268 
mmol, 2.00 equiv) was added. To this solution, a red solution of Ce[N(SiHMe2)2]4 (89.9 mg, 0.134 
mmol, 1.0 equiv) in 2 mL of THF was added dropwise. The resulting dark red solution was stirred 
for 30 minutes and volatiles were removed under reduced pressure to yield a dark red solid. X-ray 
diffraction quality crystals were grown from a DCM solution layered with pentane at –25 °C.  Yield 
107 mg, 0.134 mmol, 91%; 1H NMR (300 MHz, benzene-d6) 7.777 (d, J = 10.2 Hz, 8H), 6.922 (t, 
J = 7.5, 8H), 4.825 (s, 8H), 1.028 (s, 36H). Elemental analysis found (calculated) for 
Ce(ODiNOx)2·THF, C48H68N4O7Ce: C, 60.78 (60.48); H, 7.07 (7.19); N, 6.28 (5.88). 
Synthesis of Ce(Cl)N(SiMe3)2[N,N-bis-(2-tert-butylhydroxylaminatobenzyl) aniline] 
(CeClN(SiMe3)2(PhNDiNOx)) 
 A 20 mL scintillation vial was charged with 4 mL of THF to which CeCl[N(SiMe3)2]3 (29.3 mg, 
0.0447 mmol, 1.00 equiv) was added. This solution was frozen in a cold well. A red solution of 
H2PhNDiNOx (20.0 mg, 0.0447 mmol, 1.00 equiv) in 2 mL of THF was frozen. Both solutions 
were allowed to thaw and the solution of H2PhNDiNOx was added dropwise to the solution of 
CeCl[N(SiMe3)2]3. The resulting dark red solution was stirred for 30 minutes and volatiles were 
removed under reduced pressure to yield a dark red solid. X-ray diffraction quality crystals were 
grown from pentane at –25 °C.   
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Figure 2.4.1a. 1H-NMR of HLNOx in d5-pyridine 
 
Figure 2.4.1b. 13C-NMR of HLNOx in d5-pyridine 
 
Figure 2.4.2a. 1H-NMR of Ce(LNOx)4 in d6-benzene. 
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Figure 2.4.2b. 13C-NMR of Ce(LNOx)4 in d6-benzene. 
 
 
Figure 2.4.3a. 1H-NMR of H2ODiNOx in d5-pyridine. 
 
Figure 2.4.3b. 13C-NMR of H2ODiNOx in d5-pyridine. 
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Figure 2.4.4a. 1H-NMR of H2PhNDiNOx in d6-benzene. 
 
Figure 2.4.4b. 13C-NMR of H2PhNDiNOx in d6-benzene. 
 
 
Figure 2.4.5a. 1H-NMR of H4TetraNOx in d6-benzene. 
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Figure 2.4.5b. 13C-NMR of H4TetraNOx in d6-benzene. 
 





 Electrochemistry. Voltammetry experiments (CV) were performed using a CH Instruments 
620D Electrochemical Analyzer/Workstation and the data were processed using CHI software 
v9.24. All experiments were performed in an N2 atmosphere drybox using electrochemical cells 
that consisted of a 4 mL vial, glassy carbon working electrode, a platinum wire counter electrode, 
and a silver wire plated with AgCl as a quasi-reference electrode. The working electrode surfaces 
were polished prior to each set of experiments. Potentials were reported versus ferrocene, which 
was added as an internal standard for calibration at the end of each run. Solutions employed 
during these studies were ~3 mM in analyte and 100 mM in [nBu4N][PF6] for HLNOx or 
[nPr4N][BArF4] for Ce(LNO)4 in 2 mL of acetonitrile and Ce(ODiNOx)2 in 2 mL of dichloromethane. 
All data were collected in a positive-feedback IR compensation mode.  
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Figure 2.4.7a. CV of Ce(LNOx)4 in DCM (50 mV/s) with 100 mM [nPr4N][BArF] 
 
 
Figure 2.4.7b. Scan rate dependence of Ce(LNOx)4 in DCM with Randles-Sevcik plot. 
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Figure 2.4.8a. CV of Ce(ODiNOx)2 in DCM (50 mV/s) with 100 mM [nPr4N][BArF] 
 
  
Figure 2.4.8b. Scan rate dependence of Ce(ODiNOx)2 in DCM with Randles-Sevcik plot. 
46 
   
 X-Ray Crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1) K. In all cases, rotation frames were integrated using SAINT,41 producing a listing of 
unaveraged F2 and σ(F2) values which were then passed to the SHELXTL41 program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 
corrected for Lorentz and polarization effects and for absorption using TWINABS42 or SADABS43. 
The structures were solved by direct methods (SHELXS-97). Refinement was by full-matrix least 
squares based on F2 using SHELXL-97.44 All reflections were used during refinements. Non-
hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. Crystallographic data and structure refinement information are available in CIF files and 
can be found online at http://macxray.chem.upenn.edu/. 
 Computational Details.  Geometry optimizations were completed using Gaussian 09 Revision 
C.01.5 The B3LYP hybrid DFT method was employed, with a 28-electron small core 
pseudopotential on cerium with published segmented natural orbital basis set incorporating quasi-
relativistic effects6,7, and the 6-31G* basis set on all other atoms. Initial coordinates for the 
geometry optimization of 1 were taken from the crystal structure. A frequency calculation at the 
same level of theory confirmed that the geometry was a minimum and returned no negative 
frequencies. MO’s were rendered with the program Chemcraft v1.6.8 The program AOMix9,10 was 
used to characterize atomic orbital contributions and Mayer Bond Orders using fragment 
molecular orbital analysis. Fragments used were 1 – Ce and 2 – [η2-ON(tBu)(2-OMe-C6H4)]4. 
 
Table 2.4.1. Optimized coordinates of HLNOx′ 
Sum of electronic and thermal Free Energies=         -791.457075 
6       -1.101642000      0.789485000     -0.363644000 
6       -0.425864000     -0.392223000     -0.028907000 
6       -1.117393000     -1.568924000      0.257319000 
6       -2.525469000     -1.519040000      0.204342000 
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6       -3.232837000     -0.369012000     -0.148865000 
6       -2.490227000      0.810817000     -0.434938000 
7       -4.644814000     -0.248623000     -0.284175000 
8       -3.227142000      1.915018000     -0.774896000 
6       -2.533162000      3.120219000     -1.089711000 
8       -5.120164000      0.666987000      0.739180000 
6       -0.416310000     -2.886245000      0.639095000 
6        1.117854000     -2.745809000      0.647545000 
6       -0.791131000     -3.989048000     -0.379649000 
6       -0.865120000     -3.325612000      2.053429000 
6       -5.598326000     -1.382016000     -0.393318000 
6       -6.947991000     -0.764939000     -0.820216000 
6       -5.134049000     -2.312080000     -1.530064000 
6       -5.806927000     -2.154018000      0.928330000 
1       -0.525486000      1.681771000     -0.579675000 
1        0.657348000     -0.364527000      0.002505000 
1       -3.083312000     -2.411768000      0.449228000 
1       -3.303997000      3.849752000     -1.341709000 
1       -1.953226000      3.482781000     -0.232695000 
1       -1.865869000      2.981881000     -1.948524000 
1       -5.077949000      1.519230000      0.269941000 
1        1.454124000     -1.995541000      1.372231000 
1        1.573134000     -3.702698000      0.926446000 
1        1.507389000     -2.467946000     -0.338481000 
1       -1.869747000     -4.179594000     -0.398911000 
1       -0.292866000     -4.931558000     -0.121449000 
1       -0.481139000     -3.707250000     -1.392728000 
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1       -0.379241000     -4.269062000      2.330968000 
1       -0.594675000     -2.571348000      2.801637000 
1       -1.947948000     -3.480928000      2.109307000 
1       -7.327663000     -0.083222000     -0.056050000 
1       -6.833371000     -0.207647000     -1.756452000 
1       -7.687349000     -1.557642000     -0.977059000 
1       -4.222807000     -2.865190000     -1.294316000 
1       -4.957650000     -1.736853000     -2.445530000 
1       -5.922649000     -3.043628000     -1.734895000 
1       -6.606656000     -2.893206000      0.806299000 
1       -6.101163000     -1.464191000      1.724891000 
1       -4.911280000     -2.689427000      1.255082000 
Table 2.4.2. Optimized coordinates of Ce(LNOx)4′ (CeIV) 
Sum of electronic and thermal Free Energies=        -3010.174923 Hartrees 
58       0.000000000      0.000000000      0.000000000 
8        2.052141000     -0.766414000      0.396772000 
8        1.948350000      2.485184000      2.782446000 
7        2.222069000      0.000000000      1.578585000 
6        3.176667000      1.066325000      1.330639000 
6        4.231386000      0.889182000      0.431223000 
6        5.142933000      1.912042000      0.160333000 
6        4.996285000      3.143488000      0.795273000 
6        3.937934000      3.352213000      1.683603000 
6        3.017079000      2.328769000      1.949631000 
6        1.763272000      3.742995000      3.420760000 
6        2.610991000     -0.938387000      2.721923000 
6        2.812681000     -0.136088000      4.016553000 
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6        1.464857000     -1.935263000      2.933639000 
6        3.901971000     -1.708479000      2.384860000 
8        0.766414000      2.052141000     -0.396772000 
8       -2.485184000      1.948350000     -2.782446000 
7        0.000000000      2.222069000     -1.578585000 
6       -1.066325000      3.176667000     -1.330639000 
6       -0.889182000      4.231386000     -0.431223000 
6       -1.912042000      5.142933000     -0.160333000 
6       -3.143488000      4.996285000     -0.795273000 
6       -3.352213000      3.937934000     -1.683603000 
6       -2.328769000      3.017079000     -1.949631000 
6       -3.742995000      1.763272000     -3.420760000 
6        0.938387000      2.610991000     -2.721923000 
6        0.136088000      2.812681000     -4.016553000 
6        1.935263000      1.464857000     -2.933639000 
6        1.708479000      3.901971000     -2.384860000 
8       -2.052141000      0.766414000      0.396772000 
8       -1.948350000     -2.485184000      2.782446000 
7       -2.222069000      0.000000000      1.578585000 
6       -3.176667000     -1.066325000      1.330639000 
6       -4.231386000     -0.889182000      0.431223000 
6       -5.142933000     -1.912042000      0.160333000 
6       -4.996285000     -3.143488000      0.795273000 
6       -3.937934000     -3.352213000      1.683603000 
6       -3.017079000     -2.328769000      1.949631000 
6       -1.763272000     -3.742995000      3.420760000 
6       -2.610991000      0.938387000      2.721923000 
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6       -2.812681000      0.136088000      4.016553000 
6       -1.464857000      1.935263000      2.933639000 
6       -3.901971000      1.708479000      2.384860000 
8       -0.766414000     -2.052141000     -0.396772000 
8        2.485184000     -1.948350000     -2.782446000 
7        0.000000000     -2.222069000     -1.578585000 
6        1.066325000     -3.176667000     -1.330639000 
6        0.889182000     -4.231386000     -0.431223000 
6        1.912042000     -5.142933000     -0.160333000 
6        3.143488000     -4.996285000     -0.795273000 
6        3.352213000     -3.937934000     -1.683603000 
6        2.328769000     -3.017079000     -1.949631000 
6        3.742995000     -1.763272000     -3.420760000 
6       -0.938387000     -2.610991000     -2.721923000 
6       -0.136088000     -2.812681000     -4.016553000 
6       -1.935263000     -1.464857000     -2.933639000 
6       -1.708479000     -3.901971000     -2.384860000 
1        4.312033000     -0.067191000     -0.070927000 
1        5.956557000      1.743151000     -0.539417000 
1        5.695033000      3.952685000      0.600923000 
1        3.826805000      4.320662000      2.156631000 
1        1.622919000      4.548760000      2.689689000 
1        0.858814000      3.639629000      4.021403000 
1        2.608922000      3.990440000      4.074362000 
1        1.917019000      0.431604000      4.278496000 
1        3.031369000     -0.837244000      4.829646000 
1        3.654297000      0.559222000      3.943883000 
51 
   
1        1.301067000     -2.545814000      2.042947000 
1        1.711969000     -2.601703000      3.767747000 
1        0.530771000     -1.419108000      3.178494000 
1        4.762415000     -1.037295000      2.300322000 
1        4.116667000     -2.429003000      3.182071000 
1        3.791451000     -2.255810000      1.445220000 
1        0.067191000      4.312033000      0.070927000 
1       -1.743151000      5.956557000      0.539417000 
1       -3.952685000      5.695033000     -0.600923000 
1       -4.320662000      3.826805000     -2.156631000 
1       -3.990440000      2.608922000     -4.074362000 
1       -3.639629000      0.858814000     -4.021403000 
1       -4.548760000      1.622919000     -2.689689000 
1       -0.559222000      3.654297000     -3.943883000 
1        0.837244000      3.031369000     -4.829646000 
1       -0.431604000      1.917019000     -4.278496000 
1        1.419108000      0.530771000     -3.178494000 
1        2.601703000      1.711969000     -3.767747000 
1        2.545814000      1.301067000     -2.042947000 
1        2.255810000      3.791451000     -1.445220000 
1        2.429003000      4.116667000     -3.182071000 
1        1.037295000      4.762415000     -2.300322000 
1       -4.312033000      0.067191000     -0.070927000 
1       -5.956557000     -1.743151000     -0.539417000 
1       -5.695033000     -3.952685000      0.600923000 
1       -3.826805000     -4.320662000      2.156631000 
1       -1.622919000     -4.548760000      2.689689000 
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1       -0.858814000     -3.639629000      4.021403000 
1       -2.608922000     -3.990440000      4.074362000 
1       -1.917019000     -0.431604000      4.278496000 
1       -3.031369000      0.837244000      4.829646000 
1       -3.654297000     -0.559222000      3.943883000 
1       -1.301067000      2.545814000      2.042947000 
1       -1.711969000      2.601703000      3.767747000 
1       -0.530771000      1.419108000      3.178494000 
1       -4.762415000      1.037295000      2.300322000 
1       -4.116667000      2.429003000      3.182071000 
1       -3.791451000      2.255810000      1.445220000 
1       -0.067191000     -4.312033000      0.070927000 
1        1.743151000     -5.956557000      0.539417000 
1        3.952685000     -5.695033000     -0.600923000 
1        4.320662000     -3.826805000     -2.156631000 
1        3.990440000     -2.608922000     -4.074362000 
1        3.639629000     -0.858814000     -4.021403000 
1        4.548760000     -1.622919000     -2.689689000 
1        0.559222000     -3.654297000     -3.943883000 
1       -0.837244000     -3.031369000     -4.829646000 
1        0.431604000     -1.917019000     -4.278496000 
1       -1.419108000     -0.530771000     -3.178494000 
1       -2.601703000     -1.711969000     -3.767747000 
1       -2.545814000     -1.301067000     -2.042947000 
1       -2.255810000     -3.791451000     -1.445220000 
1       -2.429003000     -4.116667000     -3.182071000 
1       -1.037295000     -4.762415000     -2.300322000 
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Table 2.4.2. Optimized coordinates of Ce(LNOx)4 (CeIII) 
Sum of electronic and thermal Free Energies=        -3010.286132 Hartrees 
58      -0.029589000     -0.030393000     -0.038425000 
8        0.611339000     -2.092077000      0.818917000 
8        3.406517000      0.043218000      2.801878000 
7        1.456268000     -1.698649000      1.905801000 
6        2.837710000     -1.877316000      1.525220000 
6        3.228896000     -2.880640000      0.630591000 
6        4.556041000     -3.026393000      0.217978000 
6        5.523739000     -2.144202000      0.697810000 
6        5.158337000     -1.118144000      1.574163000 
6        3.826561000     -0.967777000      1.980691000 
6        4.365832000      0.984605000      3.262175000 
6        1.045417000     -2.483911000      3.135704000 
6        1.929556000     -2.098764000      4.332546000 
6       -0.412058000     -2.117198000      3.457701000 
6        1.140077000     -4.004583000      2.895784000 
8        2.074094000      0.505632000     -0.866690000 
8        0.099666000      3.473384000     -2.764939000 
7        1.735534000      1.409337000     -1.920439000 
6        1.961148000      2.764177000     -1.472515000 
6        2.958085000      3.070405000     -0.538198000 
6        3.146447000      4.369296000     -0.060338000 
6        2.319501000      5.395072000     -0.513292000 
6        1.300775000      5.114257000     -1.429216000 
6        1.105732000      3.809693000     -1.902065000 
6       -0.793714000      4.490758000     -3.195633000 
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6        2.526459000      1.018112000     -3.152440000 
6        2.223512000      1.981436000     -4.310666000 
6        2.084458000     -0.396236000     -3.557035000 
6        4.042675000      1.010643000     -2.874112000 
8       -0.660026000      2.082148000      0.700539000 
8       -3.468121000      0.059421000      2.762976000 
7       -1.506387000      1.754003000      1.807400000 
6       -2.886634000      1.934268000      1.426099000 
6       -3.272844000      2.910545000      0.500790000 
6       -4.599214000      3.053480000      0.088706000 
6       -5.572911000      2.199623000      0.601031000 
6       -5.214604000      1.198029000      1.509525000 
6       -3.880582000      1.048882000      1.914713000 
6       -4.433548000     -0.861177000      3.249791000 
6       -1.072776000      2.576698000      3.004106000 
6       -1.947491000      2.244896000      4.223064000 
6        0.382295000      2.201453000      3.319964000 
6       -1.151843000      4.088938000      2.712318000 
8       -2.152243000     -0.623731000     -0.769912000 
8        0.031462000     -3.392254000     -2.710257000 
7       -1.763797000     -1.472863000     -1.850701000 
6       -1.910591000     -2.852527000     -1.453518000 
6       -2.904435000     -3.254559000     -0.554282000 
6       -3.020185000     -4.577917000     -0.122518000 
6       -2.114746000     -5.530692000     -0.586890000 
6       -1.093881000     -5.155319000     -1.465553000 
6       -0.974970000     -3.825179000     -1.891541000 
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6        0.999633000     -4.334975000     -3.147552000 
6       -2.559772000     -1.081792000     -3.081036000 
6       -2.131450000     -1.935709000     -4.285119000 
6       -2.254893000      0.394037000     -3.381874000 
6       -4.075575000     -1.244212000     -2.846805000 
1        2.454579000     -3.532675000      0.245886000 
1        4.826946000     -3.819256000     -0.472770000 
1        6.561411000     -2.237664000      0.388955000 
1        5.916576000     -0.425013000      1.923404000 
1        4.842116000      1.518659000      2.428927000 
1        3.811037000      1.696583000      3.875118000 
1        5.141709000      0.505282000      3.872384000 
1        1.884717000     -1.025691000      4.530794000 
1        1.582012000     -2.634143000      5.222982000 
1        2.978170000     -2.372397000      4.168510000 
1       -1.077436000     -2.425706000      2.648996000 
1       -0.726938000     -2.618217000      4.380407000 
1       -0.520848000     -1.038145000      3.599760000 
1        2.177591000     -4.325345000      2.754988000 
1        0.732989000     -4.548380000      3.756264000 
1        0.567594000     -4.279488000      2.005467000 
1        3.564102000      2.252437000     -0.171504000 
1        3.933609000      4.573038000      0.661418000 
1        2.449052000      6.412795000     -0.155037000 
1        0.649891000      5.917635000     -1.757968000 
1       -0.272513000      5.276957000     -3.756316000 
1       -1.511912000      3.996062000     -3.852053000 
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1       -1.327260000      4.944503000     -2.351281000 
1        2.552748000      3.003226000     -4.089550000 
1        2.759649000      1.646405000     -5.206158000 
1        1.153736000      2.009147000     -4.537100000 
1        1.008062000     -0.425032000     -3.756707000 
1        2.608354000     -0.704840000     -4.470988000 
1        2.307781000     -1.115041000     -2.766405000 
1        4.260015000      0.376111000     -2.011546000 
1        4.584233000      0.620781000     -3.744444000 
1        4.419223000      2.018535000     -2.667319000 
1       -2.492041000      3.537794000      0.087206000 
1       -4.864212000      3.827560000     -0.628585000 
1       -6.611746000      2.294895000      0.295170000 
1       -5.976158000      0.525150000      1.883180000 
1       -4.915670000     -1.412809000      2.433316000 
1       -3.885326000     -1.561581000      3.882333000 
1       -5.206346000     -0.361298000      3.848716000 
1       -1.917333000      1.176982000      4.456020000 
1       -1.574591000      2.801186000      5.092123000 
1       -2.990757000      2.533442000      4.068169000 
1        1.042865000      2.477144000      2.495954000 
1        0.714569000      2.724274000      4.225952000 
1        0.476828000      1.123876000      3.492810000 
1       -2.188091000      4.419632000      2.579546000 
1       -0.725070000      4.656629000      3.548125000 
1       -0.591238000      4.324863000      1.805010000 
1       -3.575314000     -2.488704000     -0.181071000 
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1       -3.808757000     -4.856720000      0.571260000 
1       -2.185049000     -6.566089000     -0.263051000 
1       -0.381322000     -5.899290000     -1.799043000 
1        0.545117000     -5.133509000     -3.748605000 
1        1.703805000     -3.774295000     -3.764070000 
1        1.538315000     -4.785618000     -2.303239000 
1       -2.362256000     -2.994166000     -4.136557000 
1       -2.677647000     -1.597992000     -5.173866000 
1       -1.060927000     -1.841738000     -4.477269000 
1       -1.178076000      0.556010000     -3.490631000 
1       -2.744850000      0.692436000     -4.315475000 
1       -2.618374000      1.035960000     -2.577064000 
1       -4.377799000     -0.694184000     -1.951564000 
1       -4.632946000     -0.850835000     -3.705005000 
1       -4.352280000     -2.296547000     -2.722417000 
Table 2.4.3. Optimized coordinates of Ce(ODiNOx)2′ (CeIV) 
Sum of electronic and thermal Free Energies=        -2857.375775 Hartrees 
58       0.002468000     -0.709195000     -0.119209000 
8       -1.700959000      1.516823000     -0.046258000 
8       -0.226221000     -1.285839000      2.046920000 
8       -1.574491000     -2.060695000     -0.940773000 
8        1.922928000      0.817174000      1.350062000 
8        1.432152000     -2.188766000     -0.996229000 
8        0.966448000      0.820557000     -1.375992000 
7       -1.431577000     -0.546393000      2.190596000 
7       -2.012907000     -1.090582000     -1.882037000 
7        2.095349000     -2.232824000      0.253404000 
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7        0.933723000      2.119025000     -1.921456000 
6       -2.499961000     -1.398779000      2.873604000 
6       -2.724027000     -2.675560000      2.050586000 
1       -2.853215000     -2.449970000      0.990927000 
1       -3.624821000     -3.179303000      2.419981000 
1       -1.888659000     -3.371021000      2.154690000 
6       -3.819438000     -0.610439000      2.919596000 
1       -3.714931000      0.347203000      3.438631000 
1       -4.563718000     -1.200566000      3.465192000 
1       -4.212066000     -0.429850000      1.914143000 
6       -2.092191000     -1.804519000      4.304085000 
1       -1.103702000     -2.273258000      4.303409000 
1       -2.813781000     -2.534122000      4.688574000 
1       -2.080501000     -0.954980000      4.993053000 
6       -1.136955000      0.703291000      2.872666000 
6       -0.307635000      0.731250000      4.002901000 
1        0.143666000     -0.192055000      4.342947000 
6       -0.054861000      1.925591000      4.674367000 
1        0.577172000      1.923907000      5.558501000 
6       -0.613416000      3.117941000      4.208165000 
1       -0.425570000      4.054555000      4.725395000 
6       -1.386973000      3.102386000      3.049145000 
1       -1.782387000      4.034476000      2.655134000 
6       -1.649444000      1.909610000      2.358667000 
6       -2.462760000      1.972421000      1.090764000 
1       -3.376872000      1.379617000      1.169988000 
1       -2.758834000      3.013130000      0.905321000 
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6       -1.878422000     -1.615004000     -3.305279000 
6       -2.720548000     -2.879315000     -3.570529000 
1       -2.539841000     -3.630103000     -2.795375000 
1       -2.425506000     -3.308771000     -4.534440000 
1       -3.791961000     -2.667225000     -3.620272000 
6       -0.402896000     -1.963056000     -3.538497000 
1        0.241668000     -1.120135000     -3.283420000 
1       -0.248728000     -2.201295000     -4.597011000 
1       -0.094557000     -2.822777000     -2.941751000 
6       -2.300351000     -0.496328000     -4.272193000 
1       -3.352175000     -0.221554000     -4.148998000 
1       -2.164952000     -0.842602000     -5.302521000 
1       -1.689006000      0.401650000     -4.136129000 
6       -3.351083000     -0.640977000     -1.533567000 
6       -4.407848000     -1.540637000     -1.336977000 
1       -4.215913000     -2.604934000     -1.381121000 
6       -5.697588000     -1.077397000     -1.073026000 
1       -6.506554000     -1.789399000     -0.933798000 
6       -5.945681000      0.294680000     -0.995763000 
1       -6.949676000      0.663190000     -0.805549000 
6       -4.883375000      1.189266000     -1.126797000 
1       -5.059424000      2.256597000     -1.015536000 
6       -3.578159000      0.739119000     -1.372468000 
6       -2.418676000      1.703955000     -1.290249000 
1       -1.669264000      1.557718000     -2.065098000 
1       -2.775120000      2.740771000     -1.337948000 
6        2.106790000     -3.658780000      0.807703000 
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6        0.659456000     -4.163573000      0.861323000 
1        0.044765000     -3.486633000      1.456048000 
1        0.642606000     -5.153677000      1.330694000 
1        0.228068000     -4.248733000     -0.138246000 
6        2.929501000     -4.622591000     -0.068787000 
1        2.589661000     -4.582076000     -1.108278000 
1        2.785558000     -5.646088000      0.295043000 
1        4.001347000     -4.408413000     -0.037561000 
6        2.675379000     -3.624992000      2.235236000 
1        3.700889000     -3.244562000      2.264073000 
1        2.687519000     -4.643318000      2.639280000 
1        2.050916000     -3.009342000      2.889895000 
6        3.415194000     -1.635450000      0.137612000 
6        4.273954000     -1.974935000     -0.916987000 
1        3.919175000     -2.643564000     -1.691537000 
6        5.568595000     -1.458708000     -0.974436000 
1        6.225568000     -1.742331000     -1.792221000 
6        6.018264000     -0.590695000      0.023244000 
1        7.030465000     -0.197307000     -0.003951000 
6        5.140520000     -0.198147000      1.033430000 
1        5.465130000      0.525126000      1.777881000 
6        3.826997000     -0.686688000      1.092699000 
6        2.836297000     -0.057360000      2.049947000 
1        2.190159000     -0.779120000      2.544660000 
1        3.372446000      0.526864000      2.810205000 
6        1.899851000      2.267595000     -3.074037000 
6        1.569696000      1.183276000     -4.109526000 
61 
   
1        1.795838000      0.187508000     -3.725947000 
1        2.167485000      1.344835000     -5.013584000 
1        0.511393000      1.219707000     -4.387513000 
6        1.692877000      3.642038000     -3.736629000 
1        0.657252000      3.771830000     -4.067685000 
1        2.340689000      3.707854000     -4.617363000 
1        1.951003000      4.469342000     -3.070280000 
6        3.378007000      2.129342000     -2.658609000 
1        3.665329000      2.901528000     -1.936737000 
1        4.023777000      2.241360000     -3.537510000 
1        3.572492000      1.144217000     -2.225000000 
6        0.963679000      3.123674000     -0.895324000 
6        0.168785000      4.261944000     -1.122818000 
1       -0.421443000      4.300533000     -2.031575000 
6        0.113060000      5.314938000     -0.212824000 
1       -0.505212000      6.182146000     -0.429682000 
6        0.832455000      5.236926000      0.980774000 
1        0.794857000      6.043726000      1.707146000 
6        1.596174000      4.098909000      1.232397000 
1        2.159417000      4.030023000      2.160215000 
6        1.685954000      3.035146000      0.320714000 
6        2.611263000      1.899210000      0.682330000 
1        3.123537000      1.508583000     -0.193175000 
1        3.371693000      2.284287000      1.374715000 
Table 2.4.4. Optimized coordinates of Ce(ODiNOx)2 (CeIII) 
Sum of electronic and thermal Free Energies=        -2857.498096 Hartrees 
58       0.122863000     -0.719716000     -0.308000000 
62 
   
8       -1.980737000      1.476193000      0.184692000 
8       -0.500531000     -1.562535000      1.808703000 
8       -1.428275000     -1.944580000     -1.568007000 
8        2.025260000      0.642318000      1.607283000 
8        1.754873000     -2.117797000     -1.219968000 
8        1.111098000      1.215016000     -1.198843000 
7       -1.814570000     -1.021837000      2.025457000 
7       -1.823498000     -0.759898000     -2.263472000 
7        2.370519000     -2.250755000      0.064670000 
7        0.963381000      2.610074000     -1.405740000 
6       -2.760791000     -2.110819000      2.464882000 
6       -2.792292000     -3.178467000      1.357431000 
1       -2.902105000     -2.717895000      0.372384000 
1       -3.631074000     -3.864197000      1.531437000 
1       -1.869789000     -3.763911000      1.349559000 
6       -4.171767000     -1.512691000      2.610884000 
1       -4.197545000     -0.694487000      3.338416000 
1       -4.863548000     -2.288238000      2.959547000 
1       -4.545750000     -1.138064000      1.652380000 
6       -2.359410000     -2.794799000      3.790071000 
1       -1.309929000     -3.100581000      3.751825000 
1       -2.972172000     -3.691041000      3.945491000 
1       -2.504835000     -2.140697000      4.655816000 
6       -1.685689000      0.087542000      2.944078000 
6       -0.964576000     -0.014223000      4.146633000 
1       -0.472515000     -0.950467000      4.378749000 
6       -0.859396000      1.066387000      5.020310000 
63 
   
1       -0.310991000      0.955640000      5.952871000 
6       -1.456335000      2.287756000      4.695604000 
1       -1.382271000      3.136128000      5.370598000 
6       -2.120511000      2.416043000      3.476700000 
1       -2.549137000      3.375317000      3.196540000 
6       -2.234001000      1.337049000      2.586572000 
6       -2.926212000      1.549328000      1.263016000 
1       -3.719532000      0.813788000      1.108717000 
1       -3.393045000      2.545846000      1.252272000 
6       -1.520296000     -0.893031000     -3.745415000 
6       -2.211433000     -2.102061000     -4.408420000 
1       -2.038775000     -3.002945000     -3.812680000 
1       -1.789874000     -2.263342000     -5.407574000 
1       -3.289141000     -1.954414000     -4.525628000 
6       -0.000544000     -1.071424000     -3.882630000 
1        0.528480000     -0.268043000     -3.363490000 
1        0.282875000     -1.040756000     -4.941558000 
1        0.324881000     -2.025554000     -3.463128000 
6       -1.946669000      0.400991000     -4.458523000 
1       -3.028597000      0.559075000     -4.407217000 
1       -1.667881000      0.343523000     -5.516980000 
1       -1.449279000      1.275260000     -4.026345000 
6       -3.216251000     -0.484868000     -1.971317000 
6       -4.201978000     -1.477138000     -2.096115000 
1       -3.897945000     -2.482692000     -2.356967000 
6       -5.548098000     -1.187904000     -1.875744000 
1       -6.294420000     -1.969899000     -1.992249000 
64 
   
6       -5.933584000      0.105712000     -1.513803000 
1       -6.981112000      0.346119000     -1.353625000 
6       -4.952097000      1.077672000     -1.323485000 
1       -5.238876000      2.073400000     -0.991620000 
6       -3.590143000      0.798200000     -1.521041000 
6       -2.557832000      1.819653000     -1.090127000 
1       -1.704673000      1.885552000     -1.762205000 
1       -3.024705000      2.813045000     -1.014490000 
6        2.443609000     -3.717607000      0.458889000 
6        1.005691000     -4.253602000      0.524716000 
1        0.396234000     -3.636274000      1.191290000 
1        1.013293000     -5.283711000      0.900951000 
1        0.545146000     -4.253372000     -0.466452000 
6        3.243186000     -4.565952000     -0.550367000 
1        2.873498000     -4.388342000     -1.564224000 
1        3.117237000     -5.629929000     -0.318152000 
1        4.314769000     -4.345521000     -0.521599000 
6        3.078245000     -3.841584000      1.854651000 
1        4.098521000     -3.446630000      1.882037000 
1        3.123386000     -4.899701000      2.136872000 
1        2.482252000     -3.320784000      2.611386000 
6        3.656925000     -1.585133000      0.039500000 
6        4.547161000     -1.752504000     -1.033038000 
1        4.235011000     -2.355994000     -1.876194000 
6        5.802521000     -1.145898000     -1.026214000 
1        6.481071000     -1.300568000     -1.861528000 
6        6.187254000     -0.348934000      0.055575000 
65 
   
1        7.168245000      0.117871000      0.076650000 
6        5.282007000     -0.129135000      1.093173000 
1        5.555763000      0.530032000      1.914134000 
6        4.006373000     -0.714519000      1.092556000 
6        2.992960000     -0.284083000      2.134050000 
1        2.397460000     -1.115014000      2.506268000 
1        3.514487000      0.187810000      2.980215000 
6        1.930593000      3.122357000     -2.441197000 
6        1.674114000      2.347052000     -3.742919000 
1        1.911674000      1.289878000     -3.621344000 
1        2.296396000      2.753262000     -4.549154000 
1        0.624182000      2.432962000     -4.043426000 
6        1.671688000      4.614846000     -2.718719000 
1        0.635339000      4.787652000     -3.028541000 
1        2.326828000      4.944050000     -3.533275000 
1        1.880202000      5.244115000     -1.848749000 
6        3.411085000      2.941511000     -2.043231000 
1        3.657444000      3.516244000     -1.143305000 
1        4.066075000      3.291899000     -2.850227000 
1        3.633839000      1.886649000     -1.861754000 
6        0.907016000      3.319557000     -0.163707000 
6        0.027954000      4.421287000     -0.113423000 
1       -0.541619000      4.655517000     -1.006271000 
6       -0.143657000      5.184396000      1.038050000 
1       -0.827770000      6.029642000      1.027388000 
6        0.539869000      4.840670000      2.206910000 
1        0.407877000      5.414155000      3.120218000 
66 
   
6        1.392009000      3.738361000      2.181644000 
1        1.936871000      3.465245000      3.083562000 
6        1.602793000      2.971963000      1.024117000 
6        2.621490000      1.860600000      1.122653000 
1        3.099299000      1.670880000      0.166659000 
1        3.393997000      2.168665000      1.843065000 
Table 2.4.5. Optimized coordinates of [CeIV(OPh)(BDMMP)Na]+. 
Sum of electronic and thermal Free Energies = – 3459.374120 
58      -1.084054000     -0.271332000     -0.220685000 
19       2.435155000      0.756364000      0.529315000 
8       -0.334841000      1.607366000      0.662836000 
8        0.480665000     -1.284534000      1.016987000 
8        0.589020000     -0.111348000     -1.686140000 
8       -3.226178000     -0.673913000     -0.557045000 
7        1.979253000      2.515476000      2.877933000 
7       -1.997643000      1.884436000     -1.827594000 
7        3.867788000     -1.767430000      0.980567000 
7       -2.153744000     -0.809560000      2.335435000 
7       -0.994663000     -2.605230000     -1.722892000 
7        3.361666000      1.855132000     -2.046587000 
6       -0.360144000      2.951657000      0.665281000 
6        0.029360000      3.682461000      1.816490000 
6       -0.076203000      5.077361000      1.804814000 
1        0.209857000      5.622626000      2.702778000 
6       -0.524155000      5.792221000      0.688551000 
6       -0.836346000      5.054696000     -0.458457000 
1       -1.148839000      5.580666000     -1.358870000 
67 
   
6       -0.752068000      3.659322000     -0.496702000 
6        0.582615000      2.982993000      3.037089000 
1        0.506391000      3.660781000      3.907421000 
1       -0.022751000      2.102461000      3.266333000 
6        2.911588000      3.638983000      2.743640000 
1        2.914083000      4.294873000      3.634573000 
1        2.646502000      4.244980000      1.873732000 
1        3.927422000      3.254522000      2.601727000 
6        2.360641000      1.685225000      4.025156000 
1        3.390009000      1.333338000      3.897058000 
1        1.706479000      0.809623000      4.088827000 
1        2.303063000      2.233037000      4.984161000 
6       -0.669997000      7.296106000      0.722804000 
1        0.096725000      7.759450000      1.353538000 
1       -1.645683000      7.596237000      1.128963000 
1       -0.590390000      7.728371000     -0.280356000 
6       -0.956320000      2.940770000     -1.809612000 
1       -1.189312000      3.688777000     -2.585358000 
1       -0.025865000      2.449410000     -2.100604000 
6       -3.297490000      2.459769000     -1.438982000 
1       -3.539154000      3.339610000     -2.057609000 
1       -3.271744000      2.770228000     -0.391752000 
1       -4.079054000      1.713762000     -1.572393000 
6       -2.101199000      1.349235000     -3.200048000 
1       -2.843389000      0.547235000     -3.220532000 
68 
   
1       -1.133889000      0.949816000     -3.514225000 
1       -2.407510000      2.131467000     -3.913255000 
6        0.789176000     -1.962557000      2.133834000 
6        1.927285000     -2.809579000      2.198160000 
6        2.152311000     -3.558514000      3.359768000 
1        3.016490000     -4.220407000      3.383719000 
6        1.323630000     -3.487091000      4.483670000 
6        0.254738000     -2.586264000      4.428323000 
1       -0.386181000     -2.466811000      5.300266000 
6       -0.015630000     -1.820772000      3.290969000 
6        2.921663000     -2.904547000      1.062565000 
1        3.482053000     -3.853264000      1.157973000 
1        2.401551000     -2.937917000      0.103934000 
6        4.735248000     -1.689279000      2.159757000 
1        5.356834000     -2.595523000      2.286779000 
1        4.133226000     -1.558000000      3.062123000 
1        5.404810000     -0.828209000      2.061027000 
6        4.683392000     -1.905165000     -0.230613000 
1        5.375409000     -1.060228000     -0.307102000 
1        4.038448000     -1.906125000     -1.115695000 
1        5.279422000     -2.836943000     -0.234712000 
6        1.568018000     -4.346522000      5.702465000 
1        2.629496000     -4.593607000      5.812221000 
1        1.019393000     -5.296507000      5.641631000 
1        1.240183000     -3.844244000      6.619226000 
69 
   
6       -1.077713000     -0.753223000      3.357319000 
1       -1.537495000     -0.779196000      4.358702000 
1       -0.609666000      0.230180000      3.247827000 
6       -2.862960000     -2.102226000      2.413262000 
1       -3.287787000     -2.260381000      3.417655000 
1       -2.168870000     -2.918143000      2.200645000 
1       -3.672231000     -2.120487000      1.681656000 
6       -3.098376000      0.285550000      2.632950000 
1       -3.945081000      0.234926000      1.950428000 
1       -2.596511000      1.250063000      2.511309000 
1       -3.476018000      0.214703000      3.665712000 
6        1.337301000     -0.695879000     -2.634925000 
6        1.228101000     -2.089647000     -2.874470000 
6        1.963337000     -2.677808000     -3.908324000 
1        1.853322000     -3.747383000     -4.079172000 
6        2.833870000     -1.945191000     -4.721012000 
6        2.963126000     -0.581066000     -4.443210000 
1        3.642312000      0.018399000     -5.047297000 
6        2.252054000      0.057696000     -3.420807000 
6        0.419386000     -2.989484000     -1.970857000 
1        0.440547000     -4.008415000     -2.389536000 
1        0.885355000     -3.039822000     -0.984084000 
6       -1.596640000     -3.669099000     -0.892628000 
1       -2.621218000     -3.405204000     -0.630601000 
1       -1.017094000     -3.783895000      0.027945000 
70 
   
1       -1.600850000     -4.633978000     -1.423499000 
6       -1.723901000     -2.488571000     -3.001810000 
1       -1.712749000     -3.442897000     -3.551754000 
1       -1.252299000     -1.725261000     -3.623748000 
1       -2.757649000     -2.199667000     -2.811375000 
6        3.582578000     -2.594446000     -5.861903000 
1        3.781975000     -3.652282000     -5.659157000 
1        4.541555000     -2.098023000     -6.046056000 
1        3.009413000     -2.547121000     -6.798029000 
6        2.475820000      1.536106000     -3.190177000 
1        2.883202000      1.983861000     -4.115528000 
1        1.521269000      2.028130000     -2.998135000 
6        4.742543000      1.437878000     -2.307503000 
1        5.180641000      1.959356000     -3.179264000 
1        4.780494000      0.362871000     -2.497121000 
1        5.362515000      1.657562000     -1.431702000 
6        3.323051000      3.297397000     -1.778148000 
1        3.977387000      3.531393000     -0.931348000 
1        2.304265000      3.604225000     -1.519634000 
1        3.658090000      3.898645000     -2.643709000 
6       -4.550584000     -0.887017000     -0.623012000 
6       -5.075667000     -2.072278000     -1.184135000 
1       -4.399538000     -2.824645000     -1.572394000 
6       -6.452456000     -2.288301000     -1.246717000 
1       -6.823364000     -3.211404000     -1.685264000 
71 
   
6       -7.350063000     -1.337431000     -0.754457000 
1       -8.421021000     -1.510147000     -0.805254000 
6       -6.845148000     -0.160441000     -0.195868000 
1       -7.525145000      0.593451000      0.192963000 
6       -5.470383000      0.066182000     -0.128822000 
1       -5.096903000      0.987874000      0.302891000 
Table 2.4.6. Optimized coordinates of [CeIII(OPh)(BDMMP)Na]. 
Sum of electronic and thermal Free Energies = – 3459.544363 
58       1.188398000     -0.027788000      0.175238000 
19      -2.476943000      0.104998000     -0.367511000 
8       -0.299587000     -1.641250000     -0.723381000 
8       -0.583822000      0.239019000      1.733338000 
8       -0.122977000      1.458859000     -1.080758000 
8        3.511903000     -0.066462000      0.476968000 
7       -3.448002000     -2.689273000     -0.208057000 
7        2.226825000     -1.068298000     -2.335779000 
7       -3.599790000      1.717856000      1.858704000 
7        1.497020000     -1.881674000      2.332608000 
7        1.815625000      2.699093000      0.921925000 
7       -2.791364000      1.318424000     -3.080013000 
6       -0.509651000     -2.552698000     -1.660021000 
6       -1.470090000     -3.593312000     -1.480429000 
6       -1.626907000     -4.575531000     -2.464004000 
1       -2.353685000     -5.368575000     -2.288222000 
6       -0.895399000     -4.578721000     -3.656605000 
72 
   
6        0.002754000     -3.522894000     -3.847551000 
1        0.568659000     -3.472350000     -4.777558000 
6        0.200783000     -2.518358000     -2.894520000 
6       -2.318883000     -3.648923000     -0.231496000 
1       -2.703538000     -4.678667000     -0.099456000 
1       -1.703116000     -3.421263000      0.642269000 
6       -4.437295000     -2.989607000     -1.243932000 
1       -4.898002000     -3.988046000     -1.113323000 
1       -3.966744000     -2.957819000     -2.229768000 
1       -5.236246000     -2.240402000     -1.215284000 
6       -4.081477000     -2.703146000      1.112605000 
1       -4.907089000     -1.983414000      1.134405000 
1       -3.353720000     -2.414264000      1.878692000 
1       -4.488969000     -3.697407000      1.379027000 
6       -1.053634000     -5.679462000     -4.681549000 
1       -2.069995000     -6.089926000     -4.676692000 
1       -0.368590000     -6.518332000     -4.492264000 
1       -0.843154000     -5.317597000     -5.694548000 
6        1.087296000     -1.346414000     -3.244354000 
1        1.472601000     -1.499622000     -4.268230000 
1        0.491190000     -0.426184000     -3.262705000 
6        3.073092000     -2.257764000     -2.158257000 
1        3.489519000     -2.610606000     -3.118388000 
1        2.485605000     -3.068519000     -1.721027000 
1        3.898132000     -2.013584000     -1.485135000 
73 
   
6        3.025961000      0.016149000     -2.927390000 
1        3.878441000      0.234681000     -2.283233000 
1        2.411511000      0.917728000     -3.022118000 
1        3.400006000     -0.254615000     -3.930589000 
6       -1.097831000     -0.138601000      2.892823000 
6       -2.076915000      0.655446000      3.563113000 
6       -2.552839000      0.263614000      4.819109000 
1       -3.282394000      0.903024000      5.316068000 
6       -2.132741000     -0.907818000      5.457951000 
6       -1.217467000     -1.709385000      4.766169000 
1       -0.890583000     -2.646577000      5.216305000 
6       -0.707780000     -1.362614000      3.510798000 
6       -2.598822000      1.925923000      2.932248000 
1       -3.028796000      2.573242000      3.720708000 
1       -1.771202000      2.477929000      2.480513000 
6       -4.842032000      1.148865000      2.382894000 
1       -5.336097000      1.815531000      3.116167000 
1       -4.636724000      0.194624000      2.874093000 
1       -5.542018000      0.972291000      1.558609000 
6       -3.874783000      2.987531000      1.181766000 
1       -4.603371000      2.827917000      0.378990000 
1       -2.954693000      3.381108000      0.736406000 
1       -4.284746000      3.755292000      1.865876000 
6       -2.628183000     -1.281696000      6.837095000 
1       -3.622853000     -0.864840000      7.032208000 
74 
   
1       -1.962535000     -0.907336000      7.628062000 
1       -2.690225000     -2.369146000      6.961301000 
6        0.164124000     -2.356629000      2.779076000 
1        0.293917000     -3.244291000      3.423384000 
1       -0.345613000     -2.691057000      1.869417000 
6        2.271305000     -1.337512000      3.457494000 
1        2.451730000     -2.099393000      4.236198000 
1        1.726417000     -0.505799000      3.910292000 
1        3.231188000     -0.971277000      3.089141000 
6        2.212778000     -3.019842000      1.734097000 
1        3.173186000     -2.682714000      1.340053000 
1        1.620809000     -3.429334000      0.909122000 
1        2.388212000     -3.825144000      2.468579000 
6       -0.374044000      2.723208000     -1.383634000 
6        0.003727000      3.779725000     -0.506559000 
6       -0.227964000      5.108878000     -0.875092000 
1        0.078628000      5.897414000     -0.188169000 
6       -0.840999000      5.462032000     -2.083217000 
6       -1.252191000      4.414015000     -2.914628000 
1       -1.751974000      4.649223000     -3.854257000 
6       -1.050006000      3.068556000     -2.590147000 
6        0.555026000      3.478767000      0.868591000 
1        0.697380000      4.434789000      1.403740000 
1       -0.175026000      2.893099000      1.435696000 
6        2.239991000      2.585967000      2.326183000 
75 
   
1        3.139773000      1.967826000      2.383407000 
1        1.446832000      2.111121000      2.912376000 
1        2.455772000      3.573254000      2.771325000 
6        2.873009000      3.359198000      0.145202000 
1        3.040092000      4.396518000      0.486243000 
1        2.598849000      3.385361000     -0.912484000 
1        3.803213000      2.801361000      0.258635000 
6       -1.031753000      6.909318000     -2.478940000 
1       -1.156735000      7.552559000     -1.600259000 
1       -1.913532000      7.038497000     -3.116996000 
1       -0.170111000      7.298141000     -3.040323000 
6       -1.540421000      1.982489000     -3.519013000 
1       -1.677148000      2.401949000     -4.534306000 
1       -0.781832000      1.198003000     -3.591517000 
6       -3.930500000      2.236754000     -3.115993000 
1       -4.137868000      2.614336000     -4.136128000 
1       -3.738709000      3.094940000     -2.467046000 
1       -4.827998000      1.721965000     -2.755357000 
6       -3.059212000      0.151996000     -3.924593000 
1       -3.978210000     -0.342181000     -3.590442000 
1       -2.235906000     -0.565739000     -3.843369000 
1       -3.183854000      0.417765000     -4.991975000 
6        4.834690000     -0.062030000      0.496672000 
6        5.594944000      0.828397000     -0.308534000 
1        5.068578000      1.521772000     -0.957386000 
76 
   
6        6.989623000      0.828871000     -0.282240000 
1        7.530625000      1.529042000     -0.916054000 
6        7.694931000     -0.053011000      0.542400000 
1        8.781241000     -0.049335000      0.560917000 
6        6.967989000     -0.940714000      1.342435000 
1        7.492892000     -1.638456000      1.992349000 
6        5.573549000     -0.950110000      1.323094000 
1        5.032584000     -1.649384000      1.953201000 
Table 2.4.7. Optimized coordinates of [[(Me3Si)2NC(NiPr)2]CeIV[N(SiMe3)2]2]+. 
Sum of electronic and thermal Free Energies = – 3479.007703 
58       0.821225000     -0.000033000      0.000024000 
7       -1.290306000     -0.227669000     -1.095717000 
7       -1.290319000      0.227547000      1.095785000 
7       -3.456714000     -0.000037000      0.000010000 
7        2.004900000     -1.908129000     -0.151306000 
7        2.004774000      1.908165000      0.151317000 
14      -4.337145000     -1.425834000      0.670021000 
14      -4.337023000      1.425803000     -0.670079000 
14       1.734961000     -3.358927000      0.851451000 
14       3.245175000     -1.992783000     -1.426062000 
14       3.245045000      1.992902000      1.426074000 
14       1.734809000      3.358934000     -0.851483000 
6       -2.041653000     -0.000074000      0.000031000 
6       -1.829526000     -0.745125000     -2.359410000 
1       -2.913566000     -0.859324000     -2.252612000 
77 
   
6       -1.551817000      0.223289000     -3.518269000 
1       -1.967585000      1.216510000     -3.324993000 
1       -1.998550000     -0.159221000     -4.443079000 
1       -0.474194000      0.333886000     -3.684638000 
6       -1.228386000     -2.123896000     -2.673821000 
1       -0.140159000     -2.054953000     -2.787920000 
1       -1.643519000     -2.514239000     -3.610103000 
1       -1.441254000     -2.843995000     -1.879095000 
6       -1.829565000      0.744952000      2.359496000 
1       -2.913626000      0.858990000      2.252730000 
6       -1.228644000      2.123821000      2.673901000 
1       -0.140408000      2.055047000      2.787988000 
1       -1.643824000      2.514102000      3.610190000 
1       -1.441635000      2.843888000      1.879180000 
6       -1.551693000     -0.223404000      3.518363000 
1       -1.967301000     -1.216695000      3.325106000 
1       -1.998471000      0.159044000      4.443177000 
1       -0.474050000     -0.333824000      3.684716000 
6       -3.147568000     -2.887662000      0.771974000 
1       -2.889076000     -3.270075000     -0.221043000 
1       -3.635968000     -3.701991000      1.321388000 
1       -2.217859000     -2.647213000      1.297285000 
6       -5.752185000     -1.889035000     -0.493127000 
1       -6.535227000     -1.125676000     -0.551013000 
1       -6.223210000     -2.806616000     -0.117658000 
78 
   
1       -5.395182000     -2.090523000     -1.509140000 
6       -5.068180000     -1.112895000      2.386507000 
1       -4.301173000     -0.959745000      3.152047000 
1       -5.654756000     -1.993028000      2.681219000 
1       -5.739921000     -0.249006000      2.405396000 
6       -3.147316000      2.887526000     -0.772051000 
1       -2.888789000      3.269911000      0.220966000 
1       -3.635639000      3.701905000     -1.321459000 
1       -2.217629000      2.646991000     -1.297361000 
6       -5.752068000      1.889189000      0.492993000 
1       -6.535157000      1.125883000      0.550934000 
1       -6.223030000      2.806764000      0.117429000 
1       -5.395074000      2.090753000      1.508994000 
6       -5.068035000      1.112840000     -2.386569000 
1       -4.301033000      0.959334000     -3.152044000 
1       -5.654315000      1.993117000     -2.681439000 
1       -5.740050000      0.249162000     -2.405374000 
6        0.941914000     -2.916392000      2.515275000 
1        1.561462000     -2.228091000      3.101938000 
1        0.831266000     -3.839811000      3.098204000 
1       -0.054982000     -2.474202000      2.418734000 
6        0.590179000     -4.604830000     -0.004357000 
1       -0.410886000     -4.188822000     -0.163764000 
1        0.479155000     -5.496182000      0.627006000 
1        0.976869000     -4.931710000     -0.975541000 
79 
   
6        3.349290000     -4.257279000      1.288817000 
1        3.860763000     -4.687288000      0.421417000 
1        3.104979000     -5.084538000      1.968054000 
1        4.056067000     -3.600609000      1.808764000 
6        3.083662000     -0.487588000     -2.576775000 
1        2.127903000     -0.457983000     -3.115695000 
1        3.873499000     -0.562414000     -3.334940000 
1        3.223927000      0.475066000     -2.069397000 
6        3.054034000     -3.524243000     -2.527834000 
1        3.219112000     -4.462928000     -1.987857000 
1        3.794662000     -3.477203000     -3.336761000 
1        2.060866000     -3.572199000     -2.989792000 
6        5.011547000     -1.959564000     -0.738402000 
1        5.152245000     -1.141681000     -0.022988000 
1        5.720738000     -1.807086000     -1.562423000 
1        5.283636000     -2.892026000     -0.235050000 
6        3.053792000      3.524371000      2.527814000 
1        3.218787000      4.463058000      1.987818000 
1        3.794426000      3.477407000      3.336740000 
1        2.060622000      3.572253000      2.989774000 
6        5.011423000      1.959806000      0.738424000 
1        5.152212000      1.141897000      0.023058000 
1        5.720617000      1.807446000      1.562464000 
1        5.283425000      2.892269000      0.235024000 
6        3.083607000      0.487723000      2.576825000 
80 
   
1        2.127838000      0.458085000      3.115726000 
1        3.873424000      0.562617000      3.335004000 
1        3.223933000     -0.474939000      2.069483000 
6        0.941835000      2.916362000     -2.515339000 
1        1.561451000      2.228112000     -3.101991000 
1        0.831141000      3.839779000     -3.098263000 
1       -0.055037000      2.474106000     -2.418842000 
6        0.589978000      4.604833000      0.004264000 
1       -0.411090000      4.188826000      0.163647000 
1        0.478971000      5.496171000     -0.627122000 
1        0.976638000      4.931737000      0.975452000 
6        3.349116000      4.257350000     -1.288802000 
1        3.860546000      4.687385000     -0.421389000 
1        3.104779000      5.084597000     -1.968045000 
1        4.055940000      3.600717000     -1.808735000 
Table 2.4.8. Optimized coordinates of [(Me3Si)2NC(NiPr)2]CeIII[N(SiMe3)2]2. 
Sum of electronic and thermal Free Energies = – 3479.188605 
58       0.863719000      0.000020000     -0.000060000 
7       -1.364978000     -0.250260000     -1.102069000 
7       -1.364959000      0.250326000      1.101948000 
7       -3.529670000     -0.000039000     -0.000012000 
7        2.110466000     -2.069568000     -0.131828000 
7        2.110460000      2.069602000      0.131826000 
14      -4.393743000     -1.423651000      0.653210000 
14      -4.393837000      1.423551000     -0.653155000 
81 
   
14       1.812384000     -3.444329000      0.893196000 
14       3.288492000     -2.145116000     -1.408153000 
14       3.288408000      2.145034000      1.408220000 
14       1.812458000      3.444412000     -0.893166000 
6       -2.088579000     -0.000006000     -0.000045000 
6       -1.934887000     -0.769328000     -2.342176000 
1       -3.020983000     -0.877602000     -2.231968000 
6       -1.664732000      0.186533000     -3.516272000 
1       -2.073066000      1.183621000     -3.324290000 
1       -2.115010000     -0.196274000     -4.440560000 
1       -0.586492000      0.294693000     -3.686013000 
6       -1.351284000     -2.155890000     -2.667740000 
1       -0.263927000     -2.095396000     -2.802970000 
1       -1.784890000     -2.554460000     -3.593523000 
1       -1.548902000     -2.870596000     -1.863065000 
6       -1.934867000      0.769447000      2.342033000 
1       -3.020970000      0.877663000      2.231838000 
6       -1.351330000      2.156063000      2.667487000 
1       -0.263967000      2.095637000      2.802707000 
1       -1.784944000      2.554677000      3.593247000 
1       -1.548998000      2.870698000      1.862761000 
6       -1.664643000     -0.186322000      3.516189000 
1       -2.072938000     -1.183441000      3.324284000 
1       -2.114917000      0.196527000      4.440462000 
1       -0.586395000     -0.294423000      3.685912000 
82 
   
6       -3.202157000     -2.883676000      0.789966000 
1       -2.924231000     -3.279009000     -0.192491000 
1       -3.691292000     -3.693124000      1.346302000 
1       -2.282446000     -2.621623000      1.322590000 
6       -5.801986000     -1.914063000     -0.514286000 
1       -6.592781000     -1.158184000     -0.574762000 
1       -6.265398000     -2.837643000     -0.143648000 
1       -5.438900000     -2.107453000     -1.529988000 
6       -5.161179000     -1.131146000      2.362290000 
1       -4.405319000     -0.967938000      3.137039000 
1       -5.740097000     -2.019561000      2.648059000 
1       -5.843991000     -0.275443000      2.374682000 
6       -3.202314000      2.883622000     -0.789950000 
1       -2.924284000      3.278898000      0.192501000 
1       -3.691539000      3.693091000     -1.346176000 
1       -2.282658000      2.621629000     -1.322699000 
6       -5.802020000      1.913883000      0.514449000 
1       -6.592772000      1.157965000      0.574979000 
1       -6.265503000      2.837443000      0.143851000 
1       -5.438868000      2.107285000      1.530126000 
6       -5.161376000      1.131057000     -2.362190000 
1       -4.405561000      0.967885000     -3.136991000 
1       -5.740337000      2.019461000     -2.647905000 
1       -5.844165000      0.275335000     -2.374554000 
6        0.964832000     -2.924693000      2.516380000 
83 
   
1        1.594068000     -2.245361000      3.105352000 
1        0.768297000     -3.810999000      3.133940000 
1        0.002258000     -2.424834000      2.353041000 
6        0.668728000     -4.743948000      0.092966000 
1       -0.310818000     -4.316293000     -0.155677000 
1        0.495708000     -5.585959000      0.776906000 
1        1.094598000     -5.151040000     -0.832116000 
6        3.387546000     -4.377167000      1.430822000 
1        3.926335000     -4.824751000      0.586830000 
1        3.121278000     -5.192043000      2.117459000 
1        4.088521000     -3.717559000      1.957529000 
6        3.072569000     -0.660015000     -2.589970000 
1        2.103069000     -0.669301000     -3.106835000 
1        3.846945000     -0.706340000     -3.366796000 
1        3.184656000      0.313698000     -2.094246000 
6        3.149196000     -3.693987000     -2.509871000 
1        3.349104000     -4.618933000     -1.955337000 
1        3.873458000     -3.642680000     -3.333812000 
1        2.149047000     -3.784354000     -2.952162000 
6        5.094145000     -2.062302000     -0.806727000 
1        5.276488000     -1.157914000     -0.212531000 
1        5.786629000     -2.042891000     -1.658981000 
1        5.359423000     -2.923793000     -0.183412000 
6        3.149192000      3.693889000      2.509972000 
1        3.349206000      4.618829000      1.955468000 
84 
   
1        3.873409000      3.642502000      3.333947000 
1        2.149029000      3.784334000      2.952216000 
6        5.094093000      2.062048000      0.806907000 
1        5.276385000      1.157651000      0.212710000 
1        5.786531000      2.042561000      1.659198000 
1        5.359487000      2.923521000      0.183617000 
6        3.072229000      0.659918000      2.589970000 
1        2.102686000      0.669298000      3.106753000 
1        3.846546000      0.706132000      3.366863000 
1        3.184240000     -0.313791000      2.094222000 
6        0.964963000      2.924848000     -2.516404000 
1        1.594166000      2.245434000     -3.105316000 
1        0.768536000      3.811147000     -3.134005000 
1        0.002336000      2.425081000     -2.353091000 
6        0.668788000      4.744013000     -0.092929000 
1       -0.310772000      4.316354000      0.155656000 
1        0.495800000      5.586059000     -0.776835000 
1        1.094625000      5.151058000      0.832189000 
6        3.387664000      4.377240000     -1.430680000 
1        3.926426000      4.824776000     -0.586646000 
1        3.121453000      5.192149000     -2.117299000 
1        4.088646000      3.717631000     -1.957379000 
Table 2.4.9. Optimized coordinates of CeIV(MBP)2(THF)2. 
Sum of electronic and thermal Free Energies = – 3029.173004 
58      -0.035559000     -0.940362000     -0.049866000 
85 
   
8        0.630284000      1.029363000     -1.075843000 
8        1.877158000     -1.303181000      0.957611000 
8       -1.366989000     -2.799595000      1.347416000 
8        1.915690000      4.270651000     -0.517290000 
6        1.802951000      1.128937000     -1.774476000 
6        1.832720000      1.255504000     -3.199266000 
6        3.095045000      1.280189000     -3.811389000 
1        3.155760000      1.361413000     -4.890138000 
6        4.304588000      1.215939000     -3.107968000 
6        4.239329000      1.168454000     -1.716789000 
1        5.159410000      1.158379000     -1.135900000 
6        3.017116000      1.138237000     -1.040775000 
6        3.024598000      1.214810000      0.483095000 
1        3.491436000      2.167105000      0.763176000 
1        2.000394000      1.250608000      0.858958000 
6        3.774118000      0.102423000      1.179604000 
6        3.148794000     -1.151993000      1.395798000 
6        3.867361000     -2.183480000      2.075251000 
6        5.181375000     -1.899958000      2.475268000 
1        5.747687000     -2.667207000      2.990385000 
6        5.813903000     -0.670669000      2.264628000 
6        5.078636000      0.326006000      1.622734000 
1        5.524291000      1.306867000      1.465430000 
6        0.560996000      1.385098000     -4.075303000 
6       -0.225072000      0.057032000     -4.090049000 
86 
   
1        0.404027000     -0.769607000     -4.440905000 
1       -1.083640000      0.134319000     -4.769033000 
1       -0.612545000     -0.192744000     -3.101270000 
6       -0.364936000      2.509849000     -3.554274000 
1       -0.777964000      2.259950000     -2.575769000 
1       -1.204618000      2.651359000     -4.245744000 
1        0.171461000      3.463711000     -3.480656000 
6        0.899580000      1.731322000     -5.543077000 
1        1.469974000      2.663412000     -5.627763000 
1       -0.034067000      1.861727000     -6.101319000 
1        1.465117000      0.935715000     -6.040357000 
6        5.628598000      1.200555000     -3.837394000 
1        5.579066000      1.768684000     -4.772984000 
1        5.931817000      0.177176000     -4.098077000 
1        6.428989000      1.626861000     -3.222925000 
6        3.246666000     -3.554769000      2.412890000 
6        2.814196000     -4.277667000      1.117426000 
1        2.126836000     -3.672101000      0.526201000 
1        2.328640000     -5.232798000      1.356437000 
1        3.691414000     -4.498853000      0.496758000 
6        2.042730000     -3.342707000      3.359274000 
1        2.372482000     -2.874264000      4.294410000 
1        1.579746000     -4.304391000      3.614881000 
1        1.285686000     -2.698407000      2.910068000 
6        4.229357000     -4.496917000      3.141132000 
87 
   
1        5.116736000     -4.717005000      2.536913000 
1        3.723916000     -5.448420000      3.342642000 
1        4.559534000     -4.090580000      4.103644000 
6        7.241101000     -0.439045000      2.704951000 
1        7.506316000     -1.074549000      3.556876000 
1        7.406603000      0.604459000      2.995738000 
1        7.953366000     -0.664761000      1.899179000 
1       -2.017662000     -5.657207000      2.890116000 
6       -3.197129000     -3.828473000      2.507660000 
1       -3.784027000     -3.623130000      3.407079000 
6       -2.722325000     -2.534517000      1.830830000 
1       -3.340962000     -2.242305000      0.980238000 
1       -2.655999000     -1.698928000      2.528583000 
6        2.315257000      5.107699000      0.600018000 
1        2.913918000      4.498662000      1.287999000 
1        1.412429000      5.442981000      1.115668000 
6        3.134154000      6.249801000     -0.004388000 
1        3.882387000      6.634692000      0.693989000 
1        2.479355000      7.078757000     -0.296378000 
3        0.377460000      3.015899000     -0.326936000 
6        3.744953000      5.587268000     -1.248551000 
1        4.055204000      6.305697000     -2.012403000 
1        4.614386000      4.979362000     -0.973159000 
6        2.602318000      4.693459000     -1.725401000 
1        1.894501000      5.250167000     -2.353128000 
88 
   
1        2.928830000      3.799173000     -2.257816000 
8       -0.941490000      0.278769000      1.448008000 
8       -1.924751000     -1.103000000     -1.131411000 
8        1.096582000     -2.817357000     -1.689904000 
8       -1.019110000      4.308123000      0.257334000 
6       -1.966185000      0.916732000      2.057419000 
6       -1.989069000      1.104735000      3.474116000 
6       -3.132092000      1.703384000      4.020568000 
1       -3.189325000      1.848052000      5.093247000 
6       -4.218659000      2.143000000      3.253788000 
6       -4.125963000      2.013852000      1.868615000 
1       -4.931025000      2.395442000      1.244082000 
6       -3.019334000      1.420776000      1.253495000 
6       -2.938289000      1.414469000     -0.268668000 
1       -3.268604000      2.402464000     -0.610758000 
1       -1.898681000      1.315693000     -0.580751000 
6       -3.780951000      0.376995000     -0.989408000 
6       -3.223425000     -0.855671000     -1.419171000 
6       -4.034665000     -1.776910000     -2.156325000 
6       -5.369257000     -1.418438000     -2.388011000 
1       -6.006472000     -2.098005000     -2.941551000 
6       -5.939261000     -0.214650000     -1.959465000 
6       -5.115699000      0.675934000     -1.274027000 
1       -5.515767000      1.638520000     -0.960996000 
6       -0.813648000      0.696188000      4.391907000 
89 
   
6       -0.666248000     -0.842050000      4.423713000 
1       -1.564411000     -1.304956000      4.850732000 
1        0.187012000     -1.127253000      5.051474000 
1       -0.509258000     -1.258204000      3.428015000 
6        0.502126000      1.348584000      3.902033000 
1        0.750211000      1.045600000      2.884085000 
1        1.331577000      1.059391000      4.559203000 
1        0.421420000      2.442569000      3.927868000 
6       -1.021403000      1.157921000      5.851228000 
1       -1.137142000      2.245064000      5.928344000 
1       -0.142441000      0.875344000      6.441594000 
1       -1.892516000      0.684745000      6.317787000 
6       -5.441630000      2.740682000      3.910929000 
1       -5.177972000      3.310495000      4.808990000 
1       -6.150950000      1.961330000      4.221903000 
1       -5.976278000      3.410080000      3.228452000 
6       -3.500673000     -3.115130000     -2.713765000 
6       -3.021703000     -4.017395000     -1.555013000 
1       -2.251461000     -3.525983000     -0.960874000 
1       -2.615876000     -4.958771000     -1.946666000 
1       -3.859958000     -4.267030000     -0.892665000 
6       -2.344277000     -2.848174000     -3.704351000 
1       -2.688824000     -2.222705000     -4.536528000 
1       -1.983373000     -3.794562000     -4.127388000 
1       -1.508007000     -2.341094000     -3.222787000 
90 
   
6       -4.574957000     -3.910936000     -3.486941000 
1       -5.431591000     -4.175410000     -2.856868000 
1       -4.131059000     -4.846365000     -3.846318000 
1       -4.945545000     -3.365761000     -4.362278000 
6       -7.393090000      0.099245000     -2.228133000 
1       -7.732823000     -0.345172000     -3.170265000 
1       -7.565892000      1.179771000     -2.280771000 
1       -8.043219000     -0.293650000     -1.434133000 
6        0.687527000     -4.195845000     -1.933943000 
1       -0.206488000     -4.173276000     -2.560057000 
1        0.441737000     -4.657915000     -0.975152000 
6        1.865170000     -4.867537000     -2.644697000 
1        2.548502000     -5.320133000     -1.918248000 
1        1.531577000     -5.649207000     -3.332859000 
6        2.544913000     -3.685989000     -3.352427000 
1        2.015477000     -3.431942000     -4.277798000 
1        3.594072000     -3.875244000     -3.596165000 
6        2.387487000     -2.571281000     -2.324466000 
1        3.165244000     -2.614573000     -1.553986000 
1        2.362153000     -1.567772000     -2.753660000 
6       -1.533144000      5.269204000     -0.703686000 
1       -2.255329000      4.753672000     -1.347303000 
1       -0.699027000      5.621400000     -1.317549000 
6       -2.193879000      6.376324000      0.122048000 
1       -3.030055000      6.840461000     -0.408152000 
91 
   
1       -1.467019000      7.159264000      0.366011000 
6       -2.620034000      5.627598000      1.394329000 
1       -2.764349000      6.286927000      2.254854000 
1       -3.549150000      5.072141000      1.224560000 
6       -1.458587000      4.658433000      1.595922000 
1       -0.626406000      5.137839000      2.128082000 
1       -1.732648000      3.736465000      2.109810000 
6       -1.037514000     -4.191081000      1.597992000 
1       -1.305108000     -4.789191000      0.718609000 
1        0.036914000     -4.250808000      1.761282000 
6       -1.885758000     -4.575067000      2.803015000 
1       -1.423976000     -4.205036000      3.724989000 
1       -3.819924000     -4.415301000      1.824098000 
Table 2.4.10. Optimized coordinates of [CeIII(MBP)2(THF)2]–. 
Sum of electronic and thermal Free Energies = – 3029.320497 
58      -0.035558581     -0.940362280     -0.049866270 
8        0.630283574      1.029363215     -1.075843171 
8        1.877157594     -1.303180723      0.957611358 
8       -1.366988746     -2.799594773      1.347416327 
8        1.915690149      4.270650919     -0.517290192 
6        1.802951285      1.128937313     -1.774476162 
6        1.832719622      1.255504441     -3.199265744 
6        3.095044946      1.280189369     -3.811388785 
1        3.155759997      1.361412822     -4.890138288 
6        4.304587781      1.215939334     -3.107967592 
92 
   
6        4.239328891      1.168454212     -1.716788571 
1        5.159409924      1.158378931     -1.135900217 
6        3.017116330      1.138237063     -1.040774621 
6        3.024598071      1.214809715      0.483095330 
1        3.491435668      2.167104662      0.763175655 
1        2.000393625      1.250607598      0.858957833 
6        3.774118387      0.102423397      1.179604273 
6        3.148793902     -1.151993005      1.395797516 
6        3.867360905     -2.183479962      2.075250848 
6        5.181375109     -1.899958191      2.475267969 
1        5.747687054     -2.667207230      2.990385095 
6        5.813903374     -0.670668535      2.264628462 
6        5.078636166      0.326005851      1.622733999 
1        5.524290857      1.306866929      1.465429907 
6        0.560995851      1.385097980     -4.075303492 
6       -0.225072453      0.057031682     -4.090048926 
1        0.404026941     -0.769607450     -4.440904729 
1       -1.083639550      0.134319330     -4.769032968 
1       -0.612544552     -0.192743975     -3.101270034 
6       -0.364935830      2.509848771     -3.554273795 
1       -0.777964059      2.259950345     -2.575769408 
1       -1.204618095      2.651358557     -4.245744070 
1        0.171461022      3.463710966     -3.480656238 
6        0.899580442      1.731322160     -5.543077178 
1        1.469973772      2.663411929     -5.627763318 
93 
   
1       -0.034066865      1.861726526     -6.101318694 
1        1.465117491      0.935715062     -6.040356522 
6        5.628597884      1.200554617     -3.837394021 
1        5.579066205      1.768684058     -4.772984440 
1        5.931816977      0.177175540     -4.098076788 
1        6.428988792      1.626861396     -3.222924830 
6        3.246665928     -3.554769290      2.412890259 
6        2.814196498     -4.277666841      1.117425888 
1        2.126836210     -3.672101274      0.526201252 
1        2.328639531     -5.232798242      1.356437291 
1        3.691413539     -4.498853194      0.496758492 
6        2.042729641     -3.342706973      3.359273852 
1        2.372482427     -2.874264223      4.294410041 
1        1.579746475     -4.304390943      3.614881274 
1        1.285686335     -2.698407150      2.910068250 
6        4.229357477     -4.496916548      3.141131855 
1        5.116736023     -4.717004631      2.536912880 
1        3.723916442     -5.448420333      3.342642308 
1        4.559534436     -4.090580088      4.103643744 
6        7.241100764     -0.439045349      2.704951327 
1        7.506316358     -1.074548909      3.556875505 
1        7.406603330      0.604458856      2.995737617 
1        7.953366197     -0.664761271      1.899178834 
1       -2.017661589     -5.657206582      2.890116066 
6       -3.197128571     -3.828472971      2.507660300 
94 
   
1       -3.784026501     -3.623130105      3.407078661 
6       -2.722325348     -2.534517136      1.830829872 
1       -3.340962303     -2.242305480      0.980238469 
1       -2.655998547     -1.698927887      2.528582773 
6        2.315256718      5.107698586      0.600017710 
1        2.913918464      4.498661934      1.287999411 
1        1.412428662      5.442980708      1.115667500 
6        3.134153722      6.249800855     -0.004387635 
1        3.882387322      6.634691842      0.693988619 
1        2.479355281      7.078757175     -0.296378106 
3        0.377460227      3.015899032     -0.326935713 
6        3.744952587      5.587268453     -1.248551189 
1        4.055204382      6.305697372     -2.012403249 
1        4.614386082      4.979362446     -0.973158839 
6        2.602317733      4.693458905     -1.725400772 
1        1.894500902      5.250167035     -2.353127780 
1        2.928829658      3.799172596     -2.257815549 
8       -0.941490455      0.278768660      1.448008159 
8       -1.924751372     -1.103000177     -1.131411185 
8        1.096582389     -2.817357179     -1.689903864 
8       -1.019110465      4.308123241      0.257333775 
6       -1.966184676      0.916731521      2.057418908 
6       -1.989068840      1.104735323      3.474116480 
6       -3.132091777      1.703384295      4.020567768 
1       -3.189325054      1.848051692      5.093247232 
95 
   
6       -4.218658545      2.142999548      3.253787955 
6       -4.125962921      2.013852100      1.868614710 
1       -4.931025136      2.395441565      1.244081626 
6       -3.019334483      1.420776222      1.253494953 
6       -2.938288643      1.414469186     -0.268667967 
1       -3.268603542      2.402464197     -0.610757532 
1       -1.898680519      1.315693209     -0.580750874 
6       -3.780950642      0.376995206     -0.989408137 
6       -3.223425130     -0.855670584     -1.419170904 
6       -4.034664859     -1.776910171     -2.156324888 
6       -5.369256898     -1.418438015     -2.388010578 
1       -6.006471874     -2.098005009     -2.941550946 
6       -5.939260913     -0.214650431     -1.959465162 
6       -5.115698878      0.675933711     -1.274027152 
1       -5.515766869      1.638520213     -0.960995928 
6       -0.813648163      0.696187912      4.391906631 
6       -0.666248227     -0.842050117      4.423712740 
1       -1.564410755     -1.304955811      4.850731728 
1        0.187012447     -1.127253270      5.051473763 
1       -0.509258242     -1.258204303      3.428015326 
6        0.502125724      1.348584306      3.902032567 
1        0.750211406      1.045599781      2.884084583 
1        1.331577332      1.059390855      4.559202838 
1        0.421420475      2.442569408      3.927868233 
6       -1.021402770      1.157921314      5.851228362 
96 
   
1       -1.137141973      2.245064028      5.928343563 
1       -0.142440808      0.875344436      6.441594005 
1       -1.892516117      0.684745269      6.317787432 
6       -5.441630142      2.740681597      3.910929031 
1       -5.177972102      3.310495399      4.808990153 
1       -6.150949752      1.961329654      4.221903270 
1       -5.976277708      3.410079900      3.228451795 
6       -3.500672865     -3.115130181     -2.713765261 
6       -3.021703302     -4.017395303     -1.555012688 
1       -2.251461188     -3.525982545     -0.960873688 
1       -2.615875730     -4.958771434     -1.946665523 
1       -3.859957679     -4.267029971     -0.892665439 
6       -2.344276952     -2.848173901     -3.704350531 
1       -2.688823989     -2.222704617     -4.536527720 
1       -1.983373469     -3.794561557     -4.127388276 
1       -1.508006747     -2.341094316     -3.222787476 
6       -4.574957397     -3.910936106     -3.486940874 
1       -5.431591174     -4.175409513     -2.856868129 
1       -4.131058951     -4.846364878     -3.846317966 
1       -4.945544627     -3.365761491     -4.362277997 
6       -7.393089784      0.099244531     -2.228132505 
1       -7.732823377     -0.345171749     -3.170265158 
1       -7.565891821      1.179771027     -2.280771332 
1       -8.043218642     -0.293650047     -1.434133063 
6        0.687526847     -4.195844539     -1.933943049 
97 
   
1       -0.206488148     -4.173275892     -2.560056701 
1        0.441737122     -4.657914938     -0.975151668 
6        1.865169692     -4.867537493     -2.644696845 
1        2.548502317     -5.320133374     -1.918247758 
1        1.531577286     -5.649207432     -3.332858895 
6        2.544913162     -3.685988636     -3.352427293 
1        2.015476732     -3.431941874     -4.277797998 
1        3.594071570     -3.875243625     -3.596164810 
6        2.387486782     -2.571280624     -2.324465720 
1        3.165244298     -2.614572705     -1.553985852 
1        2.362152893     -1.567772470     -2.753660251 
6       -1.533143650      5.269203848     -0.703686290 
1       -2.255328807      4.753672185     -1.347303099 
1       -0.699027144      5.621400068     -1.317549134 
6       -2.193878967      6.376324172      0.122048126 
1       -3.030055190      6.840461039     -0.408152159 
1       -1.467019048      7.159263714      0.366010738 
6       -2.620034116      5.627598427      1.394328768 
1       -2.764348594      6.286926502      2.254854183 
1       -3.549150036      5.072141214      1.224560293 
6       -1.458586661      4.658432960      1.595922170 
1       -0.626405541      5.137838728      2.128082364 
1       -1.732647897      3.736465452      2.109810091 
6       -1.037513561     -4.191080722      1.597992369 
1       -1.305107918     -4.789190594      0.718608908 
98 
   
1        0.036914373     -4.250808323      1.761282472 
6       -1.885758142     -4.575066693      2.803015152 
1       -1.423975527     -4.205036380      3.724989074 
1       -3.819923943     -4.415300991      1.824098394 
Table 2.4.11. Optimized coordinates of CeIV(omtaa)2. 
Sum of electronic and thermal Free Energies = – 2930.084452 
58       0.000003000      0.000006000      0.000000000 
7        0.081227000      1.955250000     -1.565541000 
7        1.955950000      0.084329000     -1.564654000 
7       -0.081166000     -1.955583000     -1.565105000 
7       -1.955912000     -0.084640000     -1.564726000 
6        1.394323000      2.401777000     -1.313204000 
6        1.755258000      3.717613000     -0.972653000 
1        0.982361000      4.478082000     -0.934746000 
6        3.068893000      4.076825000     -0.670178000 
6        4.070901000      3.076932000     -0.669750000 
6        3.714626000      1.762370000     -0.971733000 
1        4.476783000      0.991154000     -0.933103000 
6        2.399695000      1.398447000     -1.312658000 
6        2.526296000     -0.727474000     -2.451606000 
6        1.981630000     -1.978068000     -2.804103000 
1        2.543798000     -2.539260000     -3.541571000 
6        0.731744000     -2.524623000     -2.451913000 
6       -1.394294000     -2.402046000     -1.312818000 
6       -1.755285000     -3.717837000     -0.972157000 
99 
   
1       -0.982397000     -4.478306000     -0.934056000 
6       -3.068977000     -4.077016000     -0.669884000 
6       -4.070990000     -3.077129000     -0.669781000 
6       -3.714664000     -1.762604000     -0.971862000 
1       -4.476840000     -0.991390000     -0.933525000 
6       -2.399667000     -1.398720000     -1.312569000 
6       -2.526183000      0.726952000     -2.451912000 
6       -1.981471000      1.977444000     -2.804709000 
1       -2.543581000      2.538452000     -3.542362000 
6       -0.731616000      2.524084000     -2.452546000 
6        3.779802000     -0.323965000     -3.216496000 
1        3.766674000      0.738272000     -3.477001000 
1        3.868931000     -0.908366000     -4.135309000 
1        4.684501000     -0.500785000     -2.622866000 
6        0.330458000     -3.778805000     -3.216871000 
1        0.508543000     -4.683206000     -2.623160000 
1        0.915291000     -3.867015000     -4.135493000 
1       -0.731713000     -3.767406000     -3.477725000 
6       -3.779639000      0.323236000     -3.216772000 
1       -3.766498000     -0.739078000     -3.476967000 
1       -3.868706000      0.907370000     -4.135760000 
1       -4.684374000      0.500228000     -2.623247000 
6       -0.330284000      3.778091000     -3.217766000 
1       -0.508469000      4.682634000     -2.624302000 
1       -0.915018000      3.866057000     -4.136476000 
100 
   
1        0.731916000      3.766664000     -3.478499000 
6        3.402973000      5.510015000     -0.326912000 
1        2.511982000      6.143785000     -0.370832000 
1        4.147003000      5.930028000     -1.016536000 
1        3.827387000      5.598041000      0.681864000 
6        5.503310000      3.414129000     -0.326137000 
1        6.138893000      2.524415000     -0.369676000 
1        5.590188000      3.838969000      0.682565000 
1        5.922015000      4.158840000     -1.015826000 
6       -3.403122000     -5.510170000     -0.326534000 
1       -2.512117000     -6.143939000     -0.370190000 
1       -4.146998000     -5.930265000     -1.016275000 
1       -3.827758000     -5.598088000      0.682158000 
6       -5.503472000     -3.414291000     -0.326432000 
1       -6.139059000     -2.524594000     -0.370261000 
1       -5.590570000     -3.838967000      0.682320000 
1       -5.922011000     -4.159123000     -1.016094000 
7        0.084502000     -1.955764000      1.564879000 
7        1.955410000     -0.081033000      1.565316000 
7       -0.084480000      1.956106000      1.564492000 
7       -1.955414000      0.081346000      1.565341000 
6        1.398590000     -2.399534000      1.312777000 
6        1.762475000     -3.714504000      0.971961000 
1        0.991258000     -4.476668000      0.933520000 
6        3.077002000     -4.070809000      0.669861000 
101 
   
6        4.076891000     -3.068797000      0.670051000 
6        3.717711000     -1.755128000      0.972423000 
1        4.478175000     -0.982233000      0.934346000 
6        2.401915000     -1.394158000      1.313084000 
6        2.524372000      0.731934000      2.452122000 
6        1.977788000      1.981847000      2.804168000 
1        2.538903000      2.544064000      3.541658000 
6        0.727236000      2.526500000      2.451492000 
6       -1.398598000      2.399817000      1.312431000 
6       -1.762536000      3.714757000      0.971558000 
1       -0.991330000      4.476926000      0.932967000 
6       -3.077109000      4.071033000      0.669625000 
6       -4.077000000      3.069022000      0.670055000 
6       -3.717767000      1.755375000      0.972459000 
1       -4.478240000      0.982479000      0.934593000 
6       -2.401919000      1.394438000      1.312956000 
6       -2.524323000     -0.731438000      2.452346000 
6       -1.977709000     -1.981267000      2.804646000 
1       -2.538790000     -2.543332000      3.542277000 
6       -0.727177000     -2.525991000      2.452021000 
6        3.778490000      0.330704000      3.217213000 
1        3.767084000     -0.731454000      3.478118000 
1        3.866610000      0.915584000      4.135814000 
1        4.682942000      0.508772000      2.623576000 
6        0.323632000      3.780045000      3.216266000 
102 
   
1        0.500525000      4.684713000      2.622612000 
1        0.907912000      3.869223000      4.135151000 
1       -0.738640000      3.766929000      3.476633000 
6       -3.778408000     -0.330045000      3.217404000 
1       -3.767005000      0.732177000      3.478056000 
1       -3.866474000     -0.914707000      4.136149000 
1       -4.682887000     -0.508268000      2.623853000 
6       -0.323562000     -3.779394000      3.217023000 
1       -0.500452000     -4.684170000      2.623532000 
1       -0.907842000     -3.868406000      4.135924000 
1        0.738709000     -3.766225000      3.477388000 
6        3.414163000     -5.503259000      0.326386000 
1        2.524460000     -6.138843000      0.370127000 
1        4.158970000     -5.921871000      1.016031000 
1        3.838870000     -5.590266000     -0.682361000 
6        5.510043000     -3.402913000      0.326664000 
1        6.143818000     -2.511917000      0.370413000 
1        5.597957000     -3.827442000     -0.682073000 
1        5.930133000     -4.146866000      1.016326000 
6       -3.414328000      5.503457000      0.326089000 
1       -2.524612000      6.139039000      0.369603000 
1       -4.158999000      5.922135000      1.015839000 
1       -3.839227000      5.590375000     -0.682584000 
6       -5.510207000      3.403110000      0.326875000 
1       -6.143975000      2.512117000      0.370809000 
103 
   
1       -5.598289000      3.827548000     -0.681886000 
1       -5.930183000      4.147125000      1.016539000 
Table 2.4.12. Optimized coordinates of [CeIII(omtaa)2]–. 
Sum of electronic and thermal Free Energies = – 2930.209788 
58       0.000016000      0.000021000      0.000102000 
7        1.988316000      0.094826000      1.685070000 
7        0.096357000      1.993431000      1.671644000 
7       -1.988423000     -0.094825000      1.684908000 
7       -0.096436000     -1.993450000      1.671574000 
7       -1.988146000      0.094694000     -1.685383000 
7       -0.096338000      1.993531000     -1.670998000 
7        1.988275000     -0.094573000     -1.685225000 
7        0.096436000     -1.993446000     -1.671047000 
6        2.425837000      1.412284000      1.455724000 
6        3.739960000      1.779523000      1.112908000 
6        4.101898000      3.090378000      0.790432000 
6        3.105298000      4.090697000      0.784136000 
6        1.791182000      3.734959000      1.100175000 
6        1.417580000      2.424456000      1.448355000 
6       -0.743377000      2.561140000      2.529417000 
6       -2.010804000      2.018273000      2.849505000 
6       -2.556954000      0.749759000      2.535899000 
6       -2.425906000     -1.412299000      1.455575000 
6       -4.101986000     -3.090394000      0.790338000 
6       -3.105395000     -4.090722000      0.784091000 
104 
   
6       -1.791273000     -3.734984000      1.100112000 
6       -1.417653000     -2.424476000      1.448240000 
6        0.743293000     -2.561242000      2.529299000 
6        2.010713000     -2.018397000      2.849442000 
6        2.556891000     -0.749873000      2.535928000 
6       -0.368292000      3.822019000      3.303905000 
6       -3.819836000      0.382851000      3.311015000 
6        0.368198000     -3.822195000      3.303656000 
6        3.819830000     -0.383111000      3.311020000 
6        5.534889000      3.416088000      0.434463000 
6        3.438449000      5.520236000      0.421584000 
6       -5.534983000     -3.416099000      0.434395000 
6       -3.438550000     -5.520267000      0.421544000 
6       -2.425854000      1.412017000     -1.455931000 
6       -3.740196000      1.778838000     -1.113530000 
6       -4.102539000      3.089522000     -0.790847000 
6       -3.106101000      4.090009000     -0.783821000 
6       -1.417737000      2.424303000     -1.447823000 
6        0.743223000      2.561632000     -2.528720000 
6        2.010399000      2.018709000     -2.849507000 
6        2.556396000      0.749932000     -2.536522000 
6        2.425951000     -1.411948000     -1.455858000 
6        3.740274000     -1.778760000     -1.113423000 
6        4.102609000     -3.089458000     -0.790768000 
6        3.106178000     -4.089939000     -0.783832000 
105 
   
6        1.791866000     -3.734555000     -1.099479000 
6        1.417826000     -2.424226000     -1.447845000 
6       -0.743114000     -2.561548000     -2.528779000 
6       -2.010319000     -2.018658000     -2.849527000 
6       -2.556352000     -0.749902000     -2.536546000 
6        0.368079000      3.823080000     -3.302207000 
6        3.818538000      0.382740000     -3.312745000 
6       -0.367951000     -3.822950000     -3.302335000 
6       -3.818601000     -0.382845000     -3.312651000 
6       -5.535686000      3.414934000     -0.435318000 
6        5.535747000     -3.414865000     -0.435195000 
1        4.501594000      1.006376000      1.076196000 
1        1.020343000      4.498497000      1.054163000 
1       -2.586945000      2.597576000      3.563665000 
1       -1.020457000     -4.498545000      1.054134000 
1        2.586880000     -2.597783000      3.563512000 
1       -0.976743000      3.916231000      4.207076000 
1        0.687145000      3.812581000      3.593367000 
1       -0.526588000      4.726162000      2.703150000 
1       -3.905120000      0.986728000      4.218217000 
1       -3.821512000     -0.674367000      3.593602000 
1       -4.723615000      0.555788000      2.713634000 
1        0.976793000     -3.916621000      4.206707000 
1       -0.687190000     -3.812652000      3.593309000 
1        0.526253000     -4.726276000      2.702749000 
106 
   
1        3.905146000     -0.987120000      4.218131000 
1        3.821555000      0.674066000      3.593761000 
1        4.723572000     -0.555994000      2.713568000 
1        6.166327000      2.523420000      0.486641000 
1        5.963860000      4.167559000      1.111074000 
1        5.621203000      3.826690000     -0.580626000 
1        2.547863000      6.155293000      0.464687000 
1        4.187558000      5.950489000      1.099989000 
1        3.855230000      5.598933000     -0.591606000 
1       -6.166375000     -2.523387000      0.486376000 
1       -5.964015000     -4.167405000      1.111153000 
1       -5.621293000     -3.826910000     -0.580608000 
1       -2.547974000     -6.155336000      0.464686000 
1       -4.187690000     -5.950495000      1.099927000 
1       -3.855296000     -5.598979000     -0.591662000 
1       -4.501635000      1.005468000     -1.077398000 
1        2.586342000      2.598112000     -3.563743000 
1        4.501703000     -1.005381000     -1.077236000 
1        1.021257000     -4.498299000     -1.053035000 
1       -2.586253000     -2.598077000     -3.563760000 
1       -0.687467000      3.814055000     -3.591267000 
1        0.526751000      4.726753000     -2.700837000 
1        0.976214000      3.917851000     -4.205534000 
1        3.819451000     -0.674372000     -3.595769000 
1        4.722900000      0.554979000     -2.716057000 
107 
   
1        3.903369000      0.986926000     -4.219780000 
1        0.687619000     -3.813975000     -3.591298000 
1       -0.526751000     -4.726657000     -2.701046000 
1       -0.976012000     -3.917610000     -4.205724000 
1       -3.819707000      0.674276000     -3.595632000 
1       -4.722888000     -0.555265000     -2.715899000 
1       -3.903413000     -0.987009000     -4.219704000 
1       -5.964418000      4.166686000     -1.111763000 
1       -5.622414000      3.825083000      0.579918000 
1       -6.167051000      2.522252000     -0.488122000 
1        5.964535000     -4.166531000     -1.111698000 
1        5.622433000     -3.825117000      0.580003000 
1        6.167087000     -2.522159000     -0.487873000 
6       -1.791782000      3.734622000     -1.099412000 
1       -1.021169000      4.498360000     -1.052932000 
6       -3.740028000     -1.779531000      1.112768000 
1       -4.501649000     -1.006369000      1.076040000 
6        3.439683000     -5.519392000     -0.421131000 
1        4.188686000     -5.949642000     -1.099659000 
1        3.856722000     -5.597887000      0.591969000 
1        2.549178000     -6.154581000     -0.463947000 
6       -3.439631000      5.519440000     -0.421083000 
1       -4.188475000      5.949773000     -1.099738000 
1       -3.856886000      5.597875000      0.591932000 
108 
   
1       -2.549095000      6.154603000     -0.463662000 
Table 2.4.13. Optimized coordinates of [CeIII(OHP)2]–. 
Sum of electronic and thermal Free Energies = – 2451.68108 
58       0.000000000     -0.000003000      0.000994000 
6       -3.339620000      0.792058000      1.843877000 
6       -3.027531000     -0.574581000      1.798869000 
7       -1.780161000     -1.096756000      1.575830000 
6       -3.961104000     -1.639728000      2.117169000 
6       -3.243899000     -2.801565000      2.118938000 
6       -1.872838000     -2.445372000      1.801842000 
6       -0.791400000     -3.337139000      1.850335000 
6        0.575361000     -3.025762000      1.802883000 
7        1.098328000     -1.779327000      1.575828000 
6        1.640406000     -3.959503000      2.120826000 
6        2.803131000     -3.243689000      2.117511000 
6        2.447297000     -1.872969000      1.798619000 
6        3.339681000     -0.791903000      1.843824000 
6        3.027590000      0.574732000      1.798714000 
7        1.780213000      1.096889000      1.575676000 
6        3.961175000      1.639905000      2.116891000 
6        3.243971000      2.801743000      2.118587000 
6        1.872899000      2.445523000      1.801570000 
6        0.791462000      3.337295000      1.850024000 
6       -0.575301000      3.025913000      1.802647000 
7       -1.098276000      1.779458000      1.575716000 
109 
   
6       -1.640334000      3.959681000      2.120550000 
6       -2.803058000      3.243867000      2.117340000 
6       -2.447237000      1.873119000      1.798550000 
6       -2.905034000     -1.825839000     -1.846534000 
6       -3.049464000     -0.431713000     -1.800081000 
7       -2.036910000      0.464561000     -1.576943000 
6       -4.277053000      0.275700000     -2.116631000 
6       -3.973156000      1.606712000     -2.116950000 
6       -2.560201000      1.711479000     -1.800591000 
6       -1.824988000      2.904750000     -1.847808000 
6       -0.430904000      3.050583000     -1.801298000 
7        0.465621000      2.039318000     -1.573776000 
6        0.275908000      4.277037000     -2.122537000 
6        1.607213000      3.973429000     -2.122029000 
6        1.712159000      2.561877000     -1.800532000 
6        2.904972000      1.825686000     -1.846779000 
6        3.049404000      0.431565000     -1.800215000 
7        2.036857000     -0.464691000     -1.576971000 
6        4.276983000     -0.275875000     -2.116743000 
6        3.973086000     -1.606887000     -2.116942000 
6        2.560141000     -1.711628000     -1.800531000 
6        1.824926000     -2.904903000     -1.847627000 
6        0.430843000     -3.050732000     -1.801061000 
7       -0.465675000     -2.039449000     -1.573592000 
6       -0.275978000     -4.277213000     -2.122178000 
110 
   
6       -1.607283000     -3.973605000     -2.121651000 
6       -1.712220000     -2.562026000     -1.800266000 
1       -5.011521000     -1.501890000      2.345942000 
1       -3.591735000     -3.801714000      2.350154000 
1       -3.803493000      3.592336000      2.346303000 
1       -1.501966000      5.009391000      2.352278000 
1        3.591815000      3.801911000      2.349706000 
1        5.011600000      1.502087000      2.345639000 
1        3.803574000     -3.592140000      2.346466000 
1        1.502047000     -5.009194000      2.352648000 
1       -2.441817000     -4.625098000     -2.353658000 
1        0.193517000     -5.226100000     -2.354381000 
1        4.625188000     -2.441672000     -2.346327000 
1        5.226825000      0.193363000     -2.345532000 
1        2.441739000      4.624903000     -2.354117000 
1       -0.193595000      5.225906000     -2.354802000 
1       -4.625265000      2.441478000     -2.346384000 
1       -5.226902000     -0.193558000     -2.345352000 
1       -1.037787000     -4.376364000      2.055424000 
1        4.379443000     -1.038325000      2.046082000 
1        1.037855000      4.376536000      2.055015000 
1       -4.379374000      1.038497000      2.046153000 
1        2.393694000     -3.809085000     -2.051830000 
1        3.809857000      2.393468000     -2.050601000 
1       -2.393762000      3.808915000     -2.052069000 
111 
   
1       -3.809926000     -2.393638000     -2.050280000 
Table 2.4.14. Optimized coordinates of CeIV(OMP)(TPP). 
Sum of electronic and thermal Free Energies = – 3689.747626 
58       1.008286000      6.956255000      1.567240000 
7        0.483161000      8.207153000     -0.576383000 
6       -0.773356000      8.649974000     -0.940691000 
6       -0.658584000      9.805141000     -1.802165000 
6        0.669873000     10.017225000     -2.007573000 
6        1.379630000      9.001594000     -1.263977000 
6        2.768018000      8.793969000     -1.368776000 
6        3.462613000      7.691875000     -0.837098000 
6        4.856466000      7.420883000     -1.107711000 
6        5.134757000      6.200872000     -0.573370000 
6        3.913244000      5.715323000      0.028073000 
7        2.918045000      6.665372000     -0.090368000 
6        3.766718000      4.415864000      0.547653000 
6        2.554246000      3.854719000      0.991440000 
6        2.396599000      2.453819000      1.309551000 
6        1.069268000      2.240787000      1.520611000 
6        0.401539000      3.506934000      1.319354000 
7        1.330998000      4.493241000      1.053177000 
6       -0.998211000      3.646099000      1.275781000 
6       -1.686505000      4.811185000      0.887404000 
6       -3.105092000      4.837950000      0.612730000 
6       -3.383864000      6.057875000      0.077806000 
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6       -2.138097000      6.788450000      0.019660000 
7       -1.120970000      6.029246000      0.564484000 
6       -1.997368000      8.020730000     -0.646712000 
6        3.535375000      9.726548000     -2.265350000 
6        3.896058000     11.014945000     -1.845092000 
6        4.597502000     11.873213000     -2.696167000 
6        4.947135000     11.457850000     -3.982852000 
6        4.591500000     10.176916000     -4.413571000 
6        3.891688000      9.319880000     -3.562047000 
6        4.954457000      3.497596000      0.459303000 
6        5.678779000      3.127030000      1.601681000 
6        6.768467000      2.257567000      1.505152000 
6        7.150156000      1.742945000      0.264229000 
6        6.435106000      2.103560000     -0.881015000 
6        5.347091000      2.973025000     -0.783520000 
6       -1.821191000      2.403935000      1.484080000 
6       -1.907706000      1.438035000      0.467820000 
6       -2.677781000      0.286232000      0.640309000 
6       -3.375451000      0.081070000      1.833718000 
6       -3.297507000      1.035432000      2.850326000 
6       -2.527860000      2.188827000      2.675863000 
6       -3.240992000      8.617562000     -1.247430000 
6       -4.160602000      9.329878000     -0.464303000 
6       -5.319474000      9.864186000     -1.034119000 
6       -5.578015000      9.691957000     -2.395654000 
113 
   
6       -4.669673000      8.982230000     -3.185619000 
6       -3.511724000      8.449654000     -2.615603000 
7       -0.027312000      6.018422000      3.677285000 
6        0.467143000      4.952766000      4.394248000 
6       -0.588646000      4.316387000      5.165179000 
6       -1.726914000      5.051321000      4.942861000 
6       -1.353821000      6.119176000      4.029238000 
6       -2.202879000      7.168613000      3.680793000 
6       -1.852746000      8.359957000      3.046381000 
6       -2.722066000      9.523550000      2.981260000 
6       -1.972685000     10.537292000      2.437068000 
6       -0.652018000      9.982299000      2.188250000 
7       -0.612965000      8.648144000      2.524033000 
6        0.449920000     10.748743000      1.810442000 
6        1.790835000     10.364241000      1.832079000 
6        2.899196000     11.298410000      1.725443000 
6        4.043039000     10.570465000      1.945462000 
6        3.617482000      9.203567000      2.196554000 
7        2.250118000      9.091860000      2.083802000 
6        4.474933000      8.194317000      2.635153000 
6        4.116691000      6.960421000      3.178841000 
6        5.037675000      6.098578000      3.901665000 
6        4.280045000      5.088225000      4.441794000 
6        2.908196000      5.339937000      4.032683000 
7        2.835655000      6.460548000      3.237594000 
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6        1.814840000      4.611317000      4.501266000 
1       -1.487152000     10.353047000     -2.226542000 
1        1.129477000     10.767720000     -2.634200000 
1        5.523664000      8.067114000     -1.659110000 
1        6.071971000      5.664758000     -0.605870000 
1        3.193832000      1.725143000      1.331834000 
1        0.579613000      1.305801000      1.750527000 
1       -3.785612000      4.012777000      0.764868000 
1       -4.335091000      6.416564000     -0.287893000 
1        3.634494000     11.337208000     -0.842890000 
1        4.871394000     12.866499000     -2.350354000 
1        5.491601000     12.125860000     -4.644691000 
1        4.855665000      9.844044000     -5.413808000 
1        3.613772000      8.326324000     -3.903259000 
1        5.389058000      3.532812000      2.564967000 
1        7.319324000      1.984956000      2.401503000 
1        7.997017000      1.066205000      0.189484000 
1        6.721232000      1.706072000     -1.851155000 
1        4.790663000      3.246119000     -1.676003000 
1       -1.369664000      1.595672000     -0.463023000 
1       -2.733990000     -0.448460000     -0.158498000 
1       -3.975049000     -0.814957000      1.969261000 
1       -3.835167000      0.884167000      3.782672000 
1       -2.461774000      2.925686000      3.469295000 
1       -3.957818000      9.471786000      0.591983000 
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1       -6.018867000     10.416290000     -0.411836000 
1       -6.479693000     10.106639000     -2.838127000 
1       -4.862578000      8.839740000     -4.245581000 
1       -2.810613000      7.893885000     -3.232359000 
1       -3.220332000      7.104959000      4.052240000 
1        0.255330000     11.794472000      1.596286000 
1        5.529433000      8.446604000      2.675455000 
1        2.042944000      3.751870000      5.122937000 
6       -4.134642000      9.565494000      3.486246000 
1       -4.754402000      8.788723000      3.021106000 
1       -4.180356000      9.404234000      4.571037000 
1       -4.605174000     10.530730000      3.278931000 
6       -2.365096000     11.962152000      2.181124000 
1       -2.219939000     12.235587000      1.128410000 
1       -3.416373000     12.137367000      2.425764000 
1       -1.766954000     12.660937000      2.779846000 
6        2.755187000     12.773541000      1.488524000 
1        3.729778000     13.261491000      1.398722000 
1        2.193848000     12.984900000      0.569693000 
1        2.217296000     13.262658000      2.310838000 
6        5.465299000     11.045346000      1.986071000 
1        5.916642000     10.889842000      2.974221000 
1        6.088677000     10.507919000      1.260246000 
1        5.538494000     12.112115000      1.756765000 
6        6.510805000      6.344743000      4.040156000 
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1        6.993761000      5.561213000      4.630581000 
1        7.006941000      6.373894000      3.061738000 
1        6.717081000      7.303103000      4.533351000 
6        4.713070000      3.962792000      5.335439000 
1        4.245649000      4.032135000      6.326005000 
1        4.436862000      2.985348000      4.919819000 
1        5.796608000      3.963140000      5.483759000 
6       -0.399481000      3.122085000      6.052706000 
1       -1.343070000      2.807443000      6.507178000 
1       -0.000700000      2.266427000      5.493378000 
1        0.305258000      3.329562000      6.868095000 
6       -3.091386000      4.876156000      5.542568000 
1       -3.866062000      4.793516000      4.769983000 
1       -3.144320000      3.975555000      6.160717000 
1       -3.364481000      5.727745000      6.179022000 
Table 2.4.15. Optimized coordinates of [CeIII(OMP)(TPP).]–. 
Sum of electronic and thermal Free Energies = – 3689.898925 
58       1.008503000      6.937265000      1.526690000 
7        0.464746000      8.146093000     -0.747028000 
6       -0.787783000      8.590754000     -1.095037000 
6       -0.675021000      9.754513000     -1.956760000 
6        0.654548000      9.965578000     -2.161909000 
6        1.362944000      8.938645000     -1.419588000 
6        2.757850000      8.730184000     -1.508824000 
6        3.461089000      7.617106000     -0.997630000 
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6        4.860910000      7.347953000     -1.273422000 
6        5.140956000      6.128780000     -0.735263000 
6        3.912614000      5.644629000     -0.130768000 
7        2.923748000      6.588898000     -0.261914000 
6        3.758606000      4.349502000      0.411990000 
6        2.540419000      3.772779000      0.838577000 
6        2.385116000      2.364050000      1.154153000 
6        1.055981000      2.149577000      1.358586000 
6        0.389440000      3.424450000      1.160484000 
7        1.319090000      4.399738000      0.891353000 
6       -1.014387000      3.581769000      1.139736000 
6       -1.712446000      4.745632000      0.744743000 
6       -3.139159000      4.772510000      0.478506000 
6       -3.417817000      5.994132000     -0.055352000 
6       -2.162976000      6.721630000     -0.118439000 
7       -1.153682000      5.956448000      0.414094000 
6       -2.013381000      7.964597000     -0.775051000 
6        3.536218000      9.704596000     -2.349823000 
6        3.920784000     10.954035000     -1.839935000 
6        4.634493000     11.859935000     -2.629426000 
6        4.975144000     11.532058000     -3.943948000 
6        4.598846000     10.290535000     -4.463417000 
6        3.886117000      9.386539000     -3.672574000 
6        4.965011000      3.451884000      0.400974000 
6        5.648355000      3.145817000      1.587990000 
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6        6.759904000      2.298808000      1.576440000 
6        7.207792000      1.741642000      0.376309000 
6        6.536293000      2.038228000     -0.812895000 
6        5.425743000      2.884999000     -0.799088000 
6       -1.843625000      2.356749000      1.414430000 
6       -1.996888000      1.361707000      0.434864000 
6       -2.773602000      0.227168000      0.680186000 
6       -3.413301000      0.067871000      1.912468000 
6       -3.268385000      1.050062000      2.895158000 
6       -2.490821000      2.184695000      2.647456000 
6       -3.265678000      8.596082000     -1.319104000 
6       -4.141620000      9.303657000     -0.481769000 
6       -5.309383000      9.878974000     -0.990430000 
6       -5.622529000      9.755001000     -2.346092000 
6       -4.759066000      9.051914000     -3.190566000 
6       -3.592665000      8.477967000     -2.680168000 
7       -0.026295000      6.036709000      3.765109000 
6        0.473633000      4.981684000      4.481088000 
6       -0.586978000      4.337928000      5.251629000 
6       -1.728373000      5.064629000      5.017077000 
6       -1.349396000      6.138838000      4.102571000 
6       -2.197346000      7.194354000      3.743632000 
6       -1.853228000      8.397007000      3.113093000 
6       -2.731683000      9.562223000      3.046924000 
6       -1.981192000     10.580849000      2.513000000 
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6       -0.653305000     10.024722000      2.266157000 
7       -0.620600000      8.696279000      2.597144000 
6        0.457212000     10.789196000      1.886154000 
6        1.806533000     10.411091000      1.903142000 
6        2.917625000     11.352225000      1.792333000 
6        4.061595000     10.626468000      2.018837000 
6        3.632566000      9.253877000      2.272103000 
7        2.271924000      9.147970000      2.154701000 
6        4.488203000      8.235794000      2.714064000 
6        4.137025000      6.993932000      3.260374000 
6        5.065806000      6.130120000      3.984309000 
6        4.310313000      5.116914000      4.522068000 
6        2.931751000      5.372476000      4.113273000 
7        2.865486000      6.488036000      3.321762000 
6        1.829626000      4.646246000      4.584025000 
1       -1.501430000     10.309617000     -2.377807000 
1        1.112946000     10.721426000     -2.784320000 
1        5.529819000      7.992264000     -1.826628000 
1        6.080529000      5.595320000     -0.768818000 
1        3.181302000      1.633170000      1.179038000 
1        0.567889000      1.211732000      1.583800000 
1       -3.823690000      3.950368000      0.634569000 
1       -4.372148000      6.353811000     -0.414143000 
1        3.667444000     11.205022000     -0.814374000 
1        4.925712000     12.821763000     -2.214817000 
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1        5.529396000     12.236909000     -4.558147000 
1        4.857229000     10.025475000     -5.485488000 
1        3.592437000      8.423424000     -4.081628000 
1        5.308881000      3.586981000      2.520167000 
1        7.276680000      2.076974000      2.506772000 
1        8.071859000      1.082461000      0.367009000 
1        6.874097000      1.608063000     -1.752315000 
1        4.903806000      3.108395000     -1.725790000 
1       -1.504101000      1.483472000     -0.526146000 
1       -2.880824000     -0.529906000     -0.092470000 
1       -4.018607000     -0.814133000      2.104585000 
1       -3.759265000      0.934085000      3.858160000 
1       -2.369959000      2.941480000      3.416691000 
1       -3.894135000      9.410931000      0.569911000 
1       -5.973149000     10.426178000     -0.325753000 
1       -6.530867000     10.201998000     -2.741513000 
1       -4.993964000      8.946764000     -4.246684000 
1       -2.926191000      7.928173000     -3.339467000 
1       -3.218971000      7.125128000      4.106185000 
1        0.261530000     11.836180000      1.672553000 
1        5.543583000      8.489524000      2.756043000 
1        2.059395000      3.786960000      5.207515000 
6       -4.150131000      9.598802000      3.537832000 
1       -4.766326000      8.828412000      3.056397000 
1       -4.210610000      9.422304000      4.620037000 
121 
   
1       -4.620155000     10.566660000      3.338301000 
6       -2.377348000     12.006822000      2.263951000 
1       -2.232890000     12.288879000      1.212917000 
1       -3.429487000     12.180538000      2.509049000 
1       -1.780841000     12.705807000      2.865055000 
6        2.775349000     12.825724000      1.540864000 
1        3.750265000     13.316432000      1.462191000 
1        2.229013000     13.028700000      0.610603000 
1        2.222066000     13.323722000      2.348164000 
6        5.483439000     11.105065000      2.062015000 
1        5.935258000     10.950516000      3.050691000 
1        6.111864000     10.569426000      1.338541000 
1        5.556913000     12.172537000      1.832811000 
6        6.539700000      6.376635000      4.123650000 
1        7.024408000      5.594598000      4.715854000 
1        7.039006000      6.405621000      3.146302000 
1        6.747440000      7.336332000      4.614803000 
6        4.749640000      3.986505000      5.407481000 
1        4.280368000      4.041018000      6.398680000 
1        4.481369000      3.009817000      4.983763000 
1        5.833462000      3.991306000      5.558379000 
6       -0.399373000      3.147328000      6.145981000 
1       -1.344492000      2.828798000      6.596232000 
1        0.008117000      2.289448000      5.595514000 
1        0.299397000      3.359291000      6.966085000 
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6       -3.098282000      4.876262000      5.601978000 
1       -3.863104000      4.778194000      4.820723000 
1       -3.149496000      3.978830000      6.226029000 
1       -3.393343000      5.728390000      6.228517000 
Table 2.4.16. Optimized coordinates of CeIV(Nc)(OEP). 
Sum of electronic and thermal Free Energies = – 4058.907668 
58       0.000040000     -0.000056000      0.726151000 
7       -1.758271000      0.959820000     -0.810671000 
7       -0.959815000     -1.758142000     -0.810945000 
7        1.758137000     -0.959691000     -0.811115000 
7       -3.233117000     -0.951262000     -1.095683000 
7        0.951261000     -3.232944000     -1.096218000 
7       -2.006813000     -0.487294000      2.085794000 
7        0.487275000     -2.007119000      2.085503000 
6       -8.135197000      3.624696000     -2.387657000 
1       -9.201691000      3.594812000     -2.592238000 
6       -7.449118000      2.459358000     -2.130291000 
1       -7.967641000      1.503802000     -2.129916000 
6       -6.051099000      2.474562000     -1.860555000 
6       -5.333057000      1.278255000     -1.597501000 
1       -5.847323000      0.321377000     -1.610112000 
6       -3.984020000      1.360676000     -1.328091000 
6       -2.970480000      0.348616000     -1.039108000 
6       -2.307037000     -1.902628000     -1.040466000 
6       -2.610820000     -3.302273000     -1.329814000 
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6       -3.788942000     -3.964118000     -1.600391000 
1       -4.739694000     -3.438543000     -1.613459000 
6       -3.743961000     -5.358940000     -1.862288000 
6       -4.926622000     -6.104163000     -2.133050000 
1       -5.880404000     -5.582444000     -2.133826000 
6       -4.871146000     -7.455554000     -2.389506000 
1       -5.783399000     -8.008637000     -2.594654000 
6       -3.624727000     -8.134834000     -2.388817000 
1       -3.594846000     -9.201298000     -2.593558000 
6       -2.459383000     -7.448792000     -2.131381000 
1       -1.503827000     -7.967314000     -2.131109000 
6       -2.474581000     -6.050814000     -1.861436000 
6       -1.278267000     -5.332808000     -1.598309000 
1       -0.321389000     -5.847070000     -1.611042000 
6       -1.360684000     -3.983810000     -1.328697000 
6       -0.348618000     -2.970314000     -1.039581000 
6        1.902625000     -2.306873000     -1.040865000 
6        3.302268000     -2.610607000     -1.330278000 
6        3.964114000     -3.788684000     -1.601050000 
1        3.438544000     -4.739436000     -1.614264000 
6        5.358933000     -3.743655000     -1.862960000 
6        6.104155000     -4.926269000     -2.133928000 
1        5.582442000     -5.880053000     -2.134849000 
6        7.455541000     -4.870745000     -2.390404000 
1        8.008624000     -5.782963000     -2.595713000 
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6       -2.925162000      1.782641000      2.329321000 
1       -3.838725000      2.340485000      2.506136000 
6       -3.049080000      0.393103000      2.286532000 
6       -4.279901000     -0.331469000      2.549374000 
6       -3.955641000     -1.666824000      2.548970000 
6       -2.529477000     -1.746240000      2.285507000 
6       -1.782640000     -2.925511000      2.328924000 
1       -2.340517000     -3.839087000      2.505546000 
6       -0.393102000     -3.049438000      2.286097000 
6        0.331512000     -4.280317000      2.548570000 
6        1.666862000     -3.956036000      2.548128000 
6        1.746246000     -2.529821000      2.284953000 
6        2.925516000     -1.782984000      2.328523000 
1        3.839091000     -2.340906000      2.505008000 
7        0.959688000      1.758270000     -0.810844000 
7       -0.951437000      3.233113000     -1.095589000 
7        3.232935000      0.951432000     -1.096113000 
6       -7.455915000      4.871113000     -2.388481000 
1       -8.009027000      5.783362000     -2.593571000 
6       -6.104486000      4.926595000     -2.132227000 
1       -5.582766000      5.880376000     -2.133106000 
6       -5.359224000      3.743941000     -1.861542000 
6       -3.964364000      3.788928000     -1.599851000 
1       -3.438789000      4.739679000     -1.613021000 
6       -3.302483000      2.610812000     -1.329342000 
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6       -1.902793000      2.307036000     -1.040203000 
6        0.348450000      2.970473000     -1.039216000 
6        1.360461000      3.984006000     -1.328396000 
6        1.277994000      5.333033000     -1.597839000 
1        0.321113000      5.847298000     -1.610309000 
6        2.474257000      6.051067000     -1.861118000 
6        2.459006000      7.449076000     -2.130906000 
1        1.503449000      7.967597000     -2.130393000 
6        3.624299000      8.135146000     -2.388492000 
1        3.594380000      9.201632000     -2.593111000 
6        4.870718000      7.455866000     -2.389495000 
1        5.782932000      8.008972000     -2.594759000 
6        4.926244000      6.104446000     -2.133197000 
1        5.880026000      5.582729000     -2.134215000 
6        3.743636000      5.359194000     -1.862290000 
6        3.788667000      3.964341000     -1.600559000 
1        4.739417000      3.438768000     -1.613869000 
6        2.610597000      3.302468000     -1.329838000 
6        2.306865000      1.902786000     -1.040608000 
6        2.970305000     -0.348455000     -1.039669000 
6        3.983801000     -1.360471000     -1.328961000 
6        5.332795000     -1.278004000     -1.598580000 
1        5.847053000     -0.321121000     -1.611171000 
6        6.050801000     -2.474273000     -1.861915000 
6        7.448774000     -2.459024000     -2.131888000 
126 
   
1        7.967291000     -1.503466000     -2.131473000 
6        8.134815000     -3.624323000     -2.389529000 
1        9.201274000     -3.594404000     -2.594289000 
7       -0.486978000      2.006799000      2.085869000 
7        2.007132000      0.486981000      2.085559000 
6       -1.745895000      2.529477000      2.285735000 
6       -1.666432000      3.955646000      2.549162000 
6       -0.331079000      4.279907000      2.549326000 
6        0.393452000      3.049078000      2.286408000 
6        1.782999000      2.925179000      2.328904000 
1        2.340868000      3.838755000      2.505567000 
6        2.529843000      1.745917000      2.285192000 
6        3.956055000      1.666483000      2.548366000 
6        4.280324000      0.331130000      2.548624000 
6        3.049446000     -0.393437000      2.286002000 
6        4.845466000      2.848888000      2.792607000 
1        5.881412000      2.542433000      2.960649000 
1        4.837917000      3.537830000      1.938571000 
1        4.523991000      3.422479000      3.671156000 
6        5.613815000     -0.311689000      2.788174000 
1        5.585506000     -0.994568000      3.646483000 
1        5.934852000     -0.899909000      1.919054000 
1        6.388221000      0.434206000      2.986394000 
6        2.849305000     -4.845446000      2.792191000 
1        2.542873000     -5.881380000      2.960342000 
127 
   
1        3.538097000     -4.837941000      1.938032000 
1        3.423057000     -4.523937000      3.670623000 
6       -0.311278000     -5.613795000      2.788272000 
1       -0.900507000     -5.934371000      1.919670000 
1        0.434703000     -6.388408000      2.985349000 
1       -0.993207000     -5.585724000      3.647351000 
6       -4.845034000     -2.849248000      2.793186000 
1       -5.880490000     -2.542648000      2.963964000 
1       -4.839559000     -3.536862000      1.938047000 
1       -4.521928000     -3.424349000      3.670134000 
6       -5.613197000      0.311444000      2.789758000 
1       -5.931305000      0.905739000      1.923741000 
1       -6.388996000     -0.434800000      2.981106000 
1       -5.586251000      0.988629000      3.652661000 
6       -2.848814000      4.845038000      2.793587000 
1       -2.542231000      5.880629000      2.963576000 
1       -3.536946000      4.838982000      1.938874000 
1       -3.423338000      4.522379000      3.671081000 
6        0.311876000      5.613206000      2.789582000 
1        0.988836000      5.586400000      3.652670000 
1        0.906416000      5.931082000      1.923651000 
1       -0.434360000      6.389101000      2.980573000 
Table 2.4.17. Optimized coordinates of [CeIII(Nc)(OEP)]–. 
Sum of electronic and thermal Free Energies = – 4059.0642 
58      -0.000085000      0.000053000      0.749360000 
128 
   
7       -0.119325000     -2.011794000     -0.938483000 
7        2.011077000     -0.119301000     -0.941347000 
7        0.119335000      2.011812000     -0.938521000 
7        2.240507000     -2.522187000     -1.200466000 
7        2.522381000      2.240487000     -1.199313000 
7        1.404470000     -1.546483000      2.218890000 
7        1.547102000      1.401852000      2.220729000 
6        0.183172000     -8.934326000     -2.439692000 
1        0.665011000     -9.888227000     -2.636015000 
6        0.944802000     -7.813856000     -2.193448000 
1        2.030465000     -7.875976000     -2.193628000 
6        0.336840000     -6.552702000     -1.934376000 
6        1.112590000     -5.388899000     -1.683654000 
1        2.197778000     -5.447062000     -1.696488000 
6        0.466239000     -4.200025000     -1.427057000 
6        0.947000000     -2.842142000     -1.149946000 
6        2.710810000     -1.275502000     -1.149317000 
6        4.117286000     -0.958028000     -1.421215000 
6        5.223128000     -1.739294000     -1.673463000 
1        5.154998000     -2.823872000     -1.686207000 
6        6.470820000     -1.105326000     -1.919938000 
6        7.652509000     -1.857535000     -2.174681000 
1        7.586448000     -2.942990000     -2.174742000 
6        8.855686000     -1.233118000     -2.416895000 
1        9.746986000     -1.823848000     -2.609907000 
129 
   
6        8.939274000      0.183621000     -2.416449000 
1        9.893850000      0.665569000     -2.609199000 
6        7.817875000      0.945158000     -2.173806000 
1        7.880009000      2.030822000     -2.173291000 
6        6.555895000      0.337090000     -1.919484000 
6        5.391061000      1.112774000     -1.672490000 
1        5.449298000      2.197971000     -1.684563000 
6        4.201378000      0.466323000     -1.420607000 
6        2.842132000      0.946862000     -1.148568000 
6        1.275735000      2.710865000     -1.149374000 
6        0.958142000      4.116039000     -1.426639000 
6        1.739551000      5.221055000     -1.682631000 
1        2.824126000      5.152834000     -1.694655000 
6        1.105704000      6.467685000     -1.933861000 
6        1.858030000      7.648546000     -2.192481000 
1        2.943484000      7.582495000     -2.191787000 
6        1.233713000      8.850778000     -2.439226000 
1        1.824484000      9.741422000     -2.635113000 
6       -0.166510000     -3.425304000      2.447101000 
1       -0.219381000     -4.497240000      2.614847000 
6        1.123284000     -2.874204000      2.411424000 
6        2.352706000     -3.615200000      2.673819000 
6        3.370947000     -2.692530000      2.672330000 
6        2.753674000     -1.396806000      2.408129000 
6        3.428203000     -0.167045000      2.440995000 
130 
   
1        4.500540000     -0.219401000      2.606343000 
6        2.875873000      1.122234000      2.407598000 
6        3.616388000      2.352258000      2.668577000 
6        2.692501000      3.369326000      2.671729000 
6        1.396397000      2.751011000      2.411446000 
6        0.166524000      3.425247000      2.447249000 
1        0.219407000      4.497180000      2.615009000 
7       -2.011070000      0.119314000     -0.941466000 
7       -2.522368000     -2.240474000     -1.199380000 
7       -2.240493000      2.522207000     -1.200547000 
6       -1.233651000     -8.850759000     -2.439239000 
1       -1.824415000     -9.741403000     -2.635145000 
6       -1.857978000     -7.648525000     -2.192526000 
1       -2.943432000     -7.582473000     -2.191877000 
6       -1.105662000     -6.467663000     -1.933883000 
6       -1.739519000     -5.221032000     -1.682678000 
1       -2.824093000     -5.152810000     -1.694745000 
6       -0.958118000     -4.116017000     -1.426656000 
6       -1.275720000     -2.710843000     -1.149396000 
6       -2.842128000     -0.946848000     -1.148662000 
6       -4.201371000     -0.466307000     -1.420703000 
6       -5.391056000     -1.112758000     -1.672575000 
1       -5.449295000     -2.197954000     -1.684640000 
6       -6.555892000     -0.337075000     -1.919560000 
6       -7.817874000     -0.945144000     -2.173870000 
131 
   
1       -7.880008000     -2.030808000     -2.173354000 
6       -8.939276000     -0.183607000     -2.416503000 
1       -9.893853000     -0.665556000     -2.609242000 
6       -8.855689000      1.233132000     -2.416950000 
1       -9.746991000      1.823862000     -2.609953000 
6       -7.652511000      1.857550000     -2.174748000 
1       -7.586450000      2.943005000     -2.174810000 
6       -6.470817000      1.105342000     -1.920017000 
6       -5.223125000      1.739310000     -1.673549000 
1       -5.154997000      2.823888000     -1.686291000 
6       -4.117278000      0.958047000     -1.421314000 
6       -2.710804000      1.275523000     -1.149421000 
6       -0.946989000      2.842167000     -1.149994000 
6       -0.466218000      4.200046000     -1.427098000 
6       -1.112557000      5.388920000     -1.683728000 
1       -2.197744000      5.447084000     -1.696602000 
6       -0.336797000      6.552722000     -1.934416000 
6       -0.944750000      7.813875000     -2.193520000 
1       -2.030413000      7.875994000     -2.193747000 
6       -0.183111000      8.934344000     -2.439738000 
1       -0.664943000      9.888244000     -2.636087000 
7       -1.547095000     -1.401904000      2.220747000 
7       -1.404463000      1.546427000      2.219139000 
6       -1.396387000     -2.751069000      2.411386000 
6       -2.692480000     -3.369397000      2.671688000 
132 
   
6       -3.616363000     -2.352325000      2.668651000 
6       -2.875863000     -1.122290000      2.407691000 
6       -3.428195000      0.166986000      2.441173000 
1       -4.500527000      0.219329000      2.606550000 
6       -2.753677000      1.396754000      2.408337000 
6       -3.370945000      2.692479000      2.672517000 
6       -2.352699000      3.615153000      2.673992000 
6       -1.123277000      2.874156000      2.411622000 
6       -4.835829000      2.911393000      2.913454000 
1       -5.060752000      3.966272000      3.096591000 
1       -5.437605000      2.590408000      2.053108000 
1       -5.193928000      2.343128000      3.781839000 
6       -2.426062000      5.094276000      2.915896000 
1       -1.836505000      5.392836000      3.792617000 
1       -2.034250000      5.660884000      2.061102000 
1       -3.455171000      5.424730000      3.085240000 
6        2.910585000      4.834165000      2.913652000 
1        3.965582000      5.059789000      3.095208000 
1        2.587610000      5.436486000      2.054428000 
1        2.343498000      5.190924000      3.783349000 
6        5.096335000      2.427081000      2.904867000 
1        5.660069000      2.036583000      2.047586000 
1        5.426331000      3.456399000      3.073830000 
1        5.398863000      1.837079000      3.779933000 
6        4.835829000     -2.911428000      2.913291000 
133 
   
1        5.060773000     -3.966321000      3.096328000 
1        5.437624000     -2.590339000      2.052997000 
1        5.193887000     -2.343242000      3.781745000 
6        2.426060000     -5.094318000      2.915759000 
1        2.034129000     -5.660938000      2.061027000 
1        3.455182000     -5.424793000      3.084981000 
1        1.836604000     -5.392842000      3.792561000 
6       -2.910548000     -4.834248000      2.913549000 
1       -3.965566000     -5.059913000      3.094937000 
1       -2.587417000     -5.436538000      2.054364000 
1       -2.343586000     -5.191007000      3.783328000 
6       -5.096294000     -2.427155000      2.905041000 
1       -5.398736000     -1.837365000      3.780280000 
1       -5.660081000     -2.036423000      2.047902000 
1       -5.426310000     -3.456505000      3.073771000 
Table 2.4.18. Optimized coordinates of CeIV(Pc)(TPP). 
Sum of electronic and thermal Free Energies = – 4054.051741 
58       0.000146000      0.000011000     -0.092944000 
7       -0.015088000      2.071908000      1.284019000 
7        2.069790000      0.004786000      1.276177000 
7       -0.005545000     -2.071902000      1.284059000 
7       -2.070043000     -0.004738000      1.296975000 
6        5.396481000      5.392745000      2.688646000 
6        5.421229000     -5.367943000      2.688325000 
6       -5.405428000     -5.430655000      2.589164000 
134 
   
6       -5.430278000      5.405874000      2.589091000 
6       -1.124762000      2.872434000      1.493188000 
6       -0.705131000      4.224452000      1.772895000 
1       -1.366671000      5.053605000      1.975739000 
6        0.656286000      4.231279000      1.768633000 
1        1.309522000      5.069018000      1.961900000 
6        1.087358000      2.878286000      1.508435000 
6        2.426709000      2.452140000      1.599382000 
6        2.859617000      1.112934000      1.529675000 
6        4.195097000      0.690407000      1.876866000 
1        5.010264000      1.350287000      2.134431000 
6        4.198242000     -0.671016000      1.876856000 
1        5.016450000     -1.327122000      2.134413000 
6        2.864723000     -1.099705000      1.529670000 
6        2.437988000     -2.440893000      1.599360000 
6        1.100606000     -2.873197000      1.508451000 
6        0.675779000     -4.228162000      1.768642000 
1        1.332874000     -5.062885000      1.961878000 
6       -0.685654000     -4.227599000      1.772962000 
1       -1.343359000     -5.059791000      1.975826000 
6       -1.111519000     -2.877531000      1.493239000 
6       -2.452938000     -2.451617000      1.558861000 
6       -2.880513000     -1.112276000      1.476572000 
6       -4.247432000     -0.690454000      1.669488000 
1       -5.091486000     -1.349905000      1.806233000 
135 
   
6       -4.250566000      0.670937000      1.669505000 
1       -5.097651000      1.326488000      1.806265000 
6       -2.885609000      1.099057000      1.476551000 
6       -2.464206000      2.440350000      1.558818000 
6        3.457359000      3.483085000      1.965428000 
6        4.433695000      3.894358000      1.046072000 
1        4.440007000      3.472457000      0.046824000 
6        5.393965000      4.843594000      1.404670000 
1        6.138390000      5.153272000      0.676159000 
6        4.432741000      4.985157000      3.614779000 
1        4.429751000      5.400469000      4.618914000 
6        3.471758000      4.038424000      3.256041000 
1        2.728668000      3.719784000      3.981747000 
6        3.473379000     -3.467108000      1.965316000 
6        4.451540000     -3.873864000      1.045888000 
1        4.455871000     -3.451883000      0.046662000 
6        5.416150000     -4.818727000      1.404385000 
1        6.161947000     -5.124961000      0.675821000 
6        4.455677000     -4.964822000      3.614526000 
1        4.454624000     -5.380211000      4.618633000 
6        3.490365000     -4.022464000      3.255890000 
1        2.745852000     -3.707278000      3.981646000 
6       -3.486552000     -3.487011000      1.901116000 
6       -3.873386000     -4.469113000      0.977085000 
1       -3.429943000     -4.477736000     -0.012659000 
136 
   
6       -4.826683000     -5.431621000      1.318224000 
1       -5.116839000     -6.180184000      0.585935000 
6       -5.023686000     -4.460552000      3.519562000 
1       -5.462526000     -4.454166000      4.513629000 
6       -4.072783000     -3.497386000      3.178253000 
1       -3.774543000     -2.749405000      3.907569000 
6       -3.502565000      3.470991000      1.901053000 
6       -4.088823000      3.478711000      3.178197000 
1       -3.787159000      2.732116000      3.907524000 
6       -5.044109000      4.437534000      3.519498000 
1       -5.482906000      4.429161000      4.513569000 
6       -4.851549000      5.409465000      1.318148000 
1       -5.145116000      6.156692000      0.585854000 
6       -3.893873000      4.451311000      0.977017000 
1       -3.450471000      4.461955000     -0.012726000 
7       -1.403157000     -1.419257000     -1.633217000 
7       -3.353839000     -0.008127000     -1.969772000 
7       -1.410004000      1.412427000     -1.633258000 
7        0.003872000      3.361944000     -1.969890000 
7        1.422130000      1.419277000     -1.623105000 
7        3.371495000      0.008123000     -1.966020000 
7        1.428972000     -1.412417000     -1.623052000 
7        0.020124000     -3.361933000     -1.969757000 
6       -1.153060000     -2.742786000     -1.915516000 
6       -2.392444000     -3.411501000     -2.299450000 
137 
   
6       -2.676571000     -4.724081000     -2.686298000 
1       -1.897043000     -5.478978000     -2.714194000 
6       -3.994131000     -5.026520000     -3.030885000 
1       -4.252901000     -6.039301000     -3.326438000 
6       -4.998668000     -4.037379000     -3.009780000 
1       -6.013793000     -4.306701000     -3.287268000 
6       -4.709110000     -2.721995000     -2.647591000 
1       -5.476471000     -1.954257000     -2.646049000 
6       -3.393713000     -2.423719000     -2.283946000 
6       -2.731048000     -1.178733000     -1.906803000 
6       -2.736722000      1.165479000     -1.906824000 
6       -3.405399000      2.407241000     -2.283990000 
6       -4.722229000      2.699157000     -2.647614000 
1       -5.485879000      1.927728000     -2.646023000 
6       -5.018138000      4.013117000     -3.009841000 
1       -6.034557000      4.277530000     -3.287309000 
6       -4.018383000      5.007089000     -3.031013000 
1       -4.282041000      6.018599000     -3.326603000 
6       -2.699374000      4.711023000     -2.686442000 
1       -1.923494000      5.469668000     -2.714390000 
6       -2.408910000      3.399844000     -2.299549000 
6       -1.166305000      2.737133000     -1.915619000 
6        1.177188000      2.747014000     -1.892895000 
6        2.422311000      3.419655000     -2.253106000 
6        2.716799000      4.739107000     -2.604388000 
138 
   
1        1.944936000      5.502319000     -2.605225000 
6        4.034317000      5.038419000     -2.951056000 
1        4.300884000      6.056974000     -3.218443000 
6        5.029007000      4.039512000     -2.969134000 
1        6.043398000      4.305872000     -3.252156000 
6        4.730135000      2.717714000     -2.637372000 
1        5.489502000      1.942464000     -2.663259000 
6        3.415336000      2.423993000     -2.266100000 
6        2.748544000      1.178045000     -1.899059000 
6        2.754215000     -1.164795000     -1.898985000 
6        3.427027000     -2.407531000     -2.265938000 
6        4.743242000     -2.694928000     -2.637140000 
1        5.498867000     -1.916031000     -2.663022000 
6        5.048494000     -4.015283000     -2.968840000 
1        6.064168000     -4.276764000     -3.251808000 
6        4.058626000     -5.018970000     -2.950777000 
1        4.330107000     -6.036237000     -3.218122000 
6        2.739668000     -4.725999000     -2.604169000 
1        1.971490000     -5.492921000     -2.605009000 
6        2.438814000     -3.407969000     -2.252943000 
6        1.190453000     -2.741332000     -1.892783000 
1       -6.146247000     -6.180152000      2.853724000 
1       -6.174503000      6.151991000      2.853647000 
1        6.144241000      6.130313000      2.966872000 
139 
   
1        6.172358000     -6.102110000      2.966469000 
Table 2.4.19. Optimized coordinates of [CeIII(Pc)(TPP).]–. 
Sum of electronic and thermal Free Energies = – 4054.216879 
58      -0.006132000      0.000005000      0.056198000 
7       -0.014310000     -2.090751000     -1.442458000 
7        2.096005000     -0.007988000     -1.410855000 
7        0.001339000      2.090224000     -1.443438000 
7       -2.088432000      0.007518000     -1.470557000 
6        5.449312000     -5.424172000     -2.593943000 
6        5.489828000      5.383477000     -2.592250000 
6       -5.415344000      5.493845000     -2.505234000 
6       -5.454941000     -5.454336000     -2.507401000 
6       -1.123289000     -2.882951000     -1.632142000 
6       -0.706452000     -4.246860000     -1.894901000 
1       -1.366721000     -5.080823000     -2.085513000 
6        0.655590000     -4.255252000     -1.889143000 
1        1.305846000     -5.099325000     -2.067976000 
6        1.086408000     -2.892113000     -1.642716000 
6        2.431385000     -2.458412000     -1.708402000 
6        2.875588000     -1.115597000     -1.652744000 
6        4.220291000     -0.696997000     -1.997829000 
1        5.037735000     -1.356384000     -2.252402000 
6        4.225331000      0.665193000     -1.997970000 
1        5.047638000      1.318420000     -2.252699000 
6        2.883782000      1.093860000     -1.652912000 
140 
   
6        2.449552000      2.440001000     -1.708928000 
6        1.107769000      2.883565000     -1.643694000 
6        0.686816000      4.249767000     -1.890436000 
1        1.343009000      5.089212000     -2.069362000 
6       -0.675247000      4.251106000     -1.896362000 
1       -1.329439000      5.089733000     -2.087357000 
6       -1.101997000      2.890397000     -1.633158000 
6       -2.448509000      2.457874000     -1.687166000 
6       -2.889235000      1.114747000     -1.631810000 
6       -4.265508000      0.696395000     -1.817103000 
1       -5.112939000      1.354195000     -1.945927000 
6       -4.270328000     -0.665908000     -1.817042000 
1       -5.122309000     -1.317822000     -1.945736000 
6       -2.897167000     -1.094026000     -1.631576000 
6       -2.466397000     -2.440442000     -1.686563000 
6        3.474315000     -3.497531000     -2.009792000 
6        4.431071000     -3.859905000     -1.048904000 
1        4.405284000     -3.393004000     -0.069527000 
6        5.408635000     -4.815452000     -1.337443000 
1        6.136004000     -5.084386000     -0.575885000 
6        4.505692000     -5.068734000     -3.561435000 
1        4.531732000     -5.530487000     -4.545074000 
6        3.528759000     -4.114156000     -3.271442000 
1        2.802206000     -3.835784000     -4.029878000 
6        3.500227000      3.471363000     -2.009756000 
141 
   
6        4.460985000      3.824151000     -1.049241000 
1        4.432614000      3.355566000     -0.070754000 
6        5.445751000      4.772511000     -1.336953000 
1        6.176054000      5.034158000     -0.575665000 
6        4.542299000      5.037565000     -3.559361000 
1        4.570887000      5.501100000     -4.542088000 
6        3.558141000      4.090170000     -3.270193000 
1        2.828606000      3.819046000     -4.028379000 
6       -3.486068000      3.509026000     -1.962281000 
6       -3.825015000      4.466285000     -0.993183000 
1       -3.339942000      4.436637000     -0.022969000 
6       -4.781256000      5.448836000     -1.261492000 
1       -5.031517000      6.176218000     -0.493607000 
6       -5.084881000      4.548979000     -3.480260000 
1       -5.567087000      4.577638000     -4.453959000 
6       -4.129171000      3.567325000     -3.210679000 
1       -3.870391000      2.839832000     -3.975122000 
6       -3.511586000     -3.483886000     -1.962392000 
6       -4.152158000     -3.538769000     -3.212239000 
1       -3.886044000     -2.814214000     -3.976966000 
6       -5.114795000     -4.513330000     -3.482842000 
1       -5.594918000     -4.539491000     -4.457644000 
6       -4.823447000     -5.412662000     -1.262225000 
1       -5.081091000     -6.137126000     -0.494024000 
6       -3.860236000     -4.437203000     -0.992912000 
142 
   
1       -3.377129000     -4.410091000     -0.021637000 
7       -1.417326000      1.432056000      1.747120000 
7       -3.367213000      0.017997000      2.063492000 
7       -1.432101000     -1.416536000      1.747608000 
7       -0.016256000     -3.366162000      2.063390000 
7        1.416025000     -1.430779000      1.746072000 
7        3.365420000     -0.017460000      2.067190000 
7        1.430782000      1.416076000      1.745957000 
7        0.019099000      3.366661000      2.062357000 
6       -1.162134000      2.750487000      2.009997000 
6       -2.406351000      3.434358000      2.374670000 
6       -2.695697000      4.752932000      2.733167000 
1       -1.915289000      5.507789000      2.756132000 
6       -4.017276000      5.066492000      3.057248000 
1       -4.276610000      6.085677000      3.330890000 
6       -5.022337000      4.079577000      3.042301000 
1       -6.040944000      4.354416000      3.302582000 
6       -4.728496000      2.756896000      2.705806000 
1       -5.498562000      1.991203000      2.707719000 
6       -3.410872000      2.446652000      2.363940000 
6       -2.740667000      1.193215000      2.004346000 
6       -2.752840000     -1.163646000      2.004496000 
6       -3.436331000     -2.409758000      2.364293000 
6       -4.757302000     -2.705267000      2.706225000 
1       -5.518672000     -1.930906000      2.707715000 
143 
   
6       -5.065637000     -4.024485000      3.043303000 
1       -6.087175000     -4.288126000      3.303678000 
6       -4.071349000     -5.022248000      3.058736000 
1       -4.341758000     -6.038433000      3.332815000 
6       -2.746368000     -4.723323000      2.734654000 
1       -1.974482000     -5.486852000      2.758190000 
6       -2.442490000     -3.408176000      2.375509000 
6       -1.190951000     -2.737630000      2.010833000 
6        1.165094000     -2.752988000      1.995834000 
6        2.413913000     -3.440350000      2.339791000 
6        2.711825000     -4.764491000      2.666531000 
1        1.937396000     -5.525787000      2.666925000 
6        4.033833000     -5.076250000      2.989637000 
1        4.299479000     -6.100265000      3.237950000 
6        5.031758000     -4.082315000      3.005988000 
1        6.050260000     -4.355441000      3.268539000 
6        4.730345000     -2.754162000      2.697062000 
1        5.494380000     -1.982792000      2.721239000 
6        3.412304000     -2.446793000      2.352181000 
6        2.738428000     -1.191906000      2.004305000 
6        2.750621000      1.163383000      2.003819000 
6        3.437819000      2.411189000      2.350790000 
6        4.759280000      2.704111000      2.695015000 
1        5.514515000      1.924106000      2.719385000 
6        5.075432000      4.029055000      3.002955000 
144 
   
1        6.096932000      4.291204000      3.265047000 
6        4.088437000      5.033828000      2.986109000 
1        4.365352000      6.055070000      3.233529000 
6        2.762935000      4.736444000      2.663678000 
1        1.997229000      5.506499000      2.663767000 
6        2.450185000      3.415434000      2.338077000 
6        1.193945000      2.741120000      1.994954000 
1       -6.159057000      6.258331000     -2.713817000 
1       -6.204099000     -6.213260000     -2.716792000 
1        6.209985000     -6.167119000     -2.818560000 
1        6.256134000      6.120814000     -2.816212000 
Table 2.4.20. Optimized coordinates of CeIV(Pc)(TPyP). 
Sum of electronic and thermal Free Energies = – 4118.247294 
58      -0.000909000     -0.000055000     -0.104414000 
7       -0.001540000     -2.073302000      1.281122000 
7       -2.069502000      0.011823000      1.276618000 
7        0.022506000      2.072852000      1.281277000 
7        2.073121000     -0.012167000      1.289772000 
7       -5.445155000     -5.356999000      2.674759000 
7       -5.381430000      5.420355000      2.675512000 
7        5.455474000      5.391799000      2.579903000 
7        5.391876000     -5.455637000      2.580136000 
6        1.100644000     -2.882393000      1.488951000 
6        0.671531000     -4.231674000      1.771100000 
1        1.324357000     -5.067906000      1.973359000 
145 
   
6       -0.689390000     -4.226730000      1.772049000 
1       -1.346967000     -5.060620000      1.967619000 
6       -1.108672000     -2.869725000      1.509828000 
6       -2.443009000     -2.429173000      1.596146000 
6       -2.869017000     -1.088554000      1.526704000 
6       -4.203552000     -0.656266000      1.868492000 
1       -5.027145000     -1.307151000      2.122332000 
6       -4.195642000      0.704637000      1.868525000 
1       -5.011620000      1.365076000      2.122333000 
6       -2.856140000      1.121378000      1.526900000 
6       -2.414674000      2.456928000      1.596344000 
6       -1.075342000      2.882077000      1.509825000 
6       -0.640441000      4.234191000      1.771722000 
1       -1.288409000      5.075623000      1.967023000 
6        0.720450000      4.223473000      1.770602000 
1        1.382941000      5.052190000      1.972451000 
6        1.133941000      2.869207000      1.488880000 
6        2.469738000      2.428466000      1.553769000 
6        2.890762000      1.087425000      1.475786000 
6        4.253830000      0.655757000      1.678610000 
1        5.103943000      1.306233000      1.821070000 
6        4.246028000     -0.705117000      1.678574000 
1        5.088661000     -1.365254000      1.821128000 
6        2.878034000     -1.121095000      1.475791000 
6        2.441520000     -2.457124000      1.553832000 
146 
   
6       -3.482009000     -3.451249000      1.957650000 
6       -4.463054000     -3.864776000      1.048262000 
1       -4.493672000     -3.463518000      0.041786000 
6       -5.408080000     -4.809245000      1.452088000 
1       -6.172362000     -5.141623000      0.751710000 
6       -4.506607000     -4.953486000      3.543618000 
1       -4.546187000     -5.397795000      4.536657000 
6       -3.518272000     -4.017536000      3.240171000 
1       -2.791669000     -3.729114000      3.993206000 
6       -3.441624000      3.491042000      1.958125000 
6       -4.417153000      3.917037000      1.048568000 
1       -4.452232000      3.516693000      0.041871000 
6       -5.350632000      4.872862000      1.452555000 
1       -6.110480000      5.215062000      0.752081000 
6       -4.448343000      5.004785000      3.544570000 
1       -4.482867000      5.449005000      4.537838000 
6       -3.471494000      4.056907000      3.240993000 
1       -2.748740000      3.759213000      3.994130000 
6        3.510436000      3.455594000      1.893918000 
6        3.919156000      4.434404000      0.979815000 
1        3.499845000      4.473246000     -0.018894000 
6        4.883297000      5.365908000      1.368167000 
1        5.211822000      6.128086000      0.663699000 
6        5.057460000      4.455033000      3.453172000 
1        5.522003000      4.485024000      4.437254000 
147 
   
6        4.103198000      3.479841000      3.164879000 
1        3.820922000      2.753935000      3.920894000 
6        3.470201000     -3.496274000      1.893972000 
6        4.063595000     -3.526726000      3.164505000 
1        3.790690000     -2.796874000      3.920155000 
6        5.006031000     -4.513338000      3.452910000 
1        5.470850000     -4.548262000      4.436698000 
6        4.819235000     -5.423648000      1.368759000 
1        5.137874000     -6.190341000      0.664652000 
6        3.866320000     -4.480691000      0.980351000 
1        3.445897000     -4.515214000     -0.018048000 
7        1.413456000      1.407487000     -1.629245000 
7        3.353885000     -0.018643000     -1.962347000 
7        1.397618000     -1.422956000     -1.629520000 
7       -0.031190000     -3.362094000     -1.963304000 
7       -1.433309000     -1.407200000     -1.619210000 
7       -3.372297000      0.019055000     -1.958803000 
7       -1.417467000      1.423403000     -1.618932000 
7        0.006499000      3.362537000     -1.962789000 
6        1.174541000      2.734271000     -1.909330000 
6        2.420321000      3.393330000     -2.287773000 
6        2.716197000      4.704911000     -2.669657000 
1        1.943064000      5.466278000     -2.697659000 
6        4.037293000      4.997308000     -3.009422000 
1        4.305322000      6.008757000     -3.300993000 
148 
   
6        5.033741000      3.999898000     -2.988278000 
1        6.051779000      4.261915000     -3.261769000 
6        4.732663000      2.685835000     -2.630928000 
1        5.493770000      1.911972000     -2.629155000 
6        3.413629000      2.397310000     -2.272319000 
6        2.740632000      1.156769000     -1.900424000 
6        2.727606000     -1.187151000     -1.900555000 
6        3.386609000     -2.435210000     -2.272483000 
6        4.702298000     -2.738795000     -2.630970000 
1        5.472272000     -1.973765000     -2.629124000 
6        4.988408000     -4.056188000     -2.988395000 
1        6.003433000     -4.329757000     -3.261775000 
6        3.980675000     -5.042177000     -3.009783000 
1        4.237183000     -6.056594000     -3.301411000 
6        2.662972000     -4.734742000     -2.670153000 
1        1.881129000     -5.487169000     -2.698287000 
6        2.382066000     -3.419898000     -2.288214000 
6        1.143802000     -2.746888000     -1.909752000 
6       -1.199451000     -2.738051000     -1.887184000 
6       -2.450803000     -3.400745000     -2.242592000 
6       -2.756910000     -4.718795000     -2.589553000 
1       -1.991444000     -5.488335000     -2.590553000 
6       -4.077804000     -5.008031000     -2.931680000 
1       -4.353472000     -6.024984000     -3.195618000 
6       -5.064523000     -4.001125000     -2.949482000 
149 
   
1       -6.081761000     -4.260107000     -3.228829000 
6       -4.754334000     -2.680892000     -2.621907000 
1       -5.507464000     -1.899639000     -2.647654000 
6       -3.435937000     -2.397025000     -2.255263000 
6       -2.758951000     -1.155703000     -1.892992000 
6       -2.745911000      1.186876000     -1.892759000 
6       -3.408866000      2.435833000     -2.254891000 
6       -4.723908000      2.734848000     -2.621593000 
1       -5.486037000      1.962386000     -2.647371000 
6       -5.018904000      4.058557000     -2.949211000 
1       -6.033101000      4.329177000     -3.228585000 
6       -4.020720000      5.054111000     -2.931469000 
1       -4.284720000      6.074133000     -3.195493000 
6       -2.703260000      4.749750000     -2.589272000 
1       -1.928889000      5.510339000     -2.590217000 
6       -2.412384000      3.428282000     -2.242243000 
6       -1.168651000      2.751504000     -1.886809000 
Table 2.4.21. Optimized coordinates of [CeIII(Pc)(TPyP)]–. 
Sum of electronic and thermal Free Energies = – 4118.417523 
58      -0.005655000     -0.000030000      0.067216000 
7       -0.004961000     -2.090915000     -1.442034000 
7        2.094818000      0.002603000     -1.412174000 
7       -0.010097000      2.090902000     -1.442045000 
7       -2.090180000     -0.002576000     -1.467510000 
7        5.480105000     -5.406146000     -2.574146000 
150 
   
7        5.466808000      5.419597000     -2.574269000 
7       -5.452578000      5.472023000     -2.482650000 
7       -5.438959000     -5.485378000     -2.483458000 
6       -1.109015000     -2.889470000     -1.625377000 
6       -0.686903000     -4.252645000     -1.886787000 
1       -1.340946000     -5.092335000     -2.073500000 
6        0.674544000     -4.253499000     -1.886942000 
1        1.326212000     -5.096720000     -2.064458000 
6        1.097855000     -2.886706000     -1.644068000 
6        2.439337000     -2.442898000     -1.705183000 
6        2.881211000     -1.099815000     -1.648892000 
6        4.226431000     -0.675570000     -1.987771000 
1        5.050334000     -1.328444000     -2.238216000 
6        4.224742000      0.686043000     -1.987803000 
1        5.047025000      1.340939000     -2.238279000 
6        2.878485000      1.106971000     -1.648904000 
6        2.433285000      2.448972000     -1.705217000 
6        1.090708000      2.889444000     -1.644098000 
6        0.663962000      4.255174000     -1.887017000 
1        1.313488000      5.100034000     -2.064600000 
6       -0.697478000      4.250902000     -1.886804000 
1       -1.353627000      5.088934000     -2.073556000 
6       -1.116171000      2.886691000     -1.625353000 
6       -2.458604000      2.443292000     -1.678835000 
6       -2.896228000      1.099343000     -1.628587000 
151 
   
6       -4.271491000      0.675507000     -1.813319000 
1       -5.124214000      1.326880000     -1.939544000 
6       -4.269773000     -0.686140000     -1.813362000 
1       -5.120835000     -1.339677000     -1.939592000 
6       -2.893461000     -1.106514000     -1.628663000 
6       -2.452515000     -2.449389000     -1.678943000 
6        3.486466000     -3.476088000     -1.999829000 
6        4.459730000     -3.827992000     -1.054944000 
1        4.468643000     -3.368397000     -0.072624000 
6        5.418960000     -4.785298000     -1.387066000 
1        6.175287000     -5.067989000     -0.656460000 
6        4.549366000     -5.063665000     -3.477591000 
1        4.607141000     -5.566124000     -4.441963000 
6        3.549160000     -4.120436000     -3.244644000 
1        2.831745000     -3.884030000     -4.024245000 
6        3.477851000      3.484735000     -1.999879000 
6        4.450588000      3.838637000     -1.055192000 
1        4.460898000      3.378789000     -0.073005000 
6        5.407480000      4.798271000     -1.387345000 
1        6.163375000      5.082514000     -0.656894000 
6        4.536578000      5.075217000     -3.477520000 
1        4.592879000      5.578080000     -4.441769000 
6        3.538653000      4.129588000     -3.244526000 
1        2.821561000      3.891703000     -4.023972000 
6       -3.500394000      3.488214000     -1.947887000 
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6       -3.840581000      4.457917000     -0.994909000 
1       -3.364153000      4.467327000     -0.020791000 
6       -4.808989000      5.412455000     -1.307633000 
1       -5.082229000      6.165796000     -0.570379000 
6       -5.122515000      4.544014000     -3.393487000 
1       -5.643927000      4.599805000     -4.347869000 
6       -4.169484000      3.548881000     -3.179864000 
1       -3.944537000      2.833444000     -3.964659000 
6       -3.491695000     -3.496859000     -1.948218000 
6       -4.160177000     -3.559276000     -3.180440000 
1       -3.936669000     -2.843394000     -3.965242000 
6       -5.110750000     -4.556709000     -3.394290000 
1       -5.631670000     -4.613864000     -4.348860000 
6       -4.795958000     -5.424121000     -1.308208000 
1       -5.067685000     -6.178008000     -0.570954000 
6       -3.829942000     -4.467242000     -0.995248000 
1       -3.353871000     -4.475378000     -0.020946000 
7       -1.423969000      1.422819000      1.740684000 
7       -3.366127000     -0.003147000      2.051209000 
7       -1.421228000     -1.425446000      1.740818000 
7        0.006659000     -3.367052000      2.051673000 
7        1.426533000     -1.422022000      1.738351000 
7        3.368011000      0.003129000      2.054990000 
7        1.423786000      1.424590000      1.738444000 
7        0.000341000      3.367040000      2.051561000 
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6       -1.177167000      2.743785000      2.000956000 
6       -2.426779000      3.420355000      2.359841000 
6       -2.725552000      4.738326000      2.713292000 
1       -1.949988000      5.498056000      2.737494000 
6       -4.050471000      5.044666000      3.030629000 
1       -4.317205000      6.063031000      3.299902000 
6       -5.049493000      4.051675000      3.014272000 
1       -6.070801000      4.321275000      3.269111000 
6       -4.746401000      2.729730000      2.683282000 
1       -5.511863000      1.959493000      2.684142000 
6       -3.425421000      2.426436000      2.348033000 
6       -2.746997000      1.176058000      1.994165000 
6       -2.744734000     -1.181159000      1.994150000 
6       -3.420869000     -2.432787000      2.347917000 
6       -4.741328000     -2.738397000      2.683092000 
1       -5.508115000     -1.969472000      2.683874000 
6       -5.042084000     -4.060867000      3.014108000 
1       -6.062921000     -4.332291000      3.268902000 
6       -4.041280000     -5.052060000      3.030541000 
1       -4.306201000     -6.070895000      3.299828000 
6       -2.716883000     -4.743368000      2.713287000 
1       -1.940011000     -5.501750000      2.737590000 
6       -2.420418000     -3.424878000      2.359807000 
6       -1.172006000     -2.745989000      2.001033000 
6        1.184302000     -2.746939000      1.984829000 
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6        2.438720000     -3.427019000      2.322117000 
6        2.746686000     -4.750563000      2.642047000 
1        1.977596000     -5.517183000      2.642175000 
6        4.072027000     -5.054744000      2.958580000 
1        4.345434000     -6.077990000      3.201290000 
6        5.063458000     -4.054364000      2.975526000 
1        6.084652000     -4.321970000      3.232969000 
6        4.752272000     -2.726859000      2.673504000 
1        5.511177000     -1.950508000      2.698243000 
6        3.430829000     -2.426965000      2.334726000 
6        2.748494000     -1.175209000      1.993197000 
6        2.746234000      1.180269000      1.993128000 
6        3.426280000      2.433310000      2.334421000 
6        4.747222000      2.735551000      2.673030000 
1        5.507447000      1.960488000      2.697802000 
6        5.056102000      4.063643000      2.974834000 
1        6.076841000      4.333094000      3.232157000 
6        4.062900000      5.062261000      2.957790000 
1        4.334517000      6.086031000      3.200300000 
6        2.738059000      4.755700000      2.641438000 
1        1.967671000      5.521011000      2.641517000 
6        2.432361000      3.431563000      2.321771000 
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CHAPTER 3 
 
Substituted Quinoline Quinones as Surrogates for the 





The pyrroloquinoline quinone (PQQ) is an important cofactor that shuttles redox equivalents in 
diverse metalloproteins. Quinoline 7,8-quinones have been synthesized and characterized as 
surrogates for PQQ to elucidate redox energetics within metalloenzyme active sites. The 
quinoline 7,8-quinones were accessed using polymer supported iodoxybenzoic acid, and the 
compounds evaluated using solution electrochemistry. Together with a family of quinones, the 
products were evaluated computationally and used to generate a predictive correlation between a 












Adapted from work previously published in Organic Letters, 2015, 17, 1850–1853 with permission 
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3.1 Introduction 
Methanol is the second most abundant organic compound in the atmosphere after methane 
and holds an important position in the carbon cycle.1 Methanol dehydrogenase (MDH) enzymes 
are used by some organisms to drive aerobic respiration and provide carbon in different oxidation 
states for biosynthesis.2 The first step to using methanol as a fuel or a building block is 
dehydrogenation to formaldehyde, followed by oxidation to formate (Scheme 3.1.1).3 Methanol 
dehydrogenase enzymes include a pyrroloquinoline quinone, PQQ, cofactor bound to a Ca2+ 
cation in the active site to catalyze the reaction (Scheme 3.1.1, eq 1). These calcium dependent 
enzymes and the PQQ cofactor have been studied in vitro, in silico, and using model complexes.4   
 
Scheme 3.1.1. Structure of pyrroloquinoline quinone (PQQ). Dehydrogenation of methanol (eq 1) 
and oxidation of formaldehyde (eq 2). 
Recently, a lanthanide dependent MDH enzyme was discovered that efficiently catalyzes 
reactions (Scheme 3.1.1, eqs 1 & 2) at rates 102 – 103-fold higher than their calcium dependent 
counterparts.5 To understand the electronic structure of the active sites in these enzymes, the 
electrochemical properties of the essential quinone cofactors must be established. Toward this 
goal we have synthesized a group of PQQ surrogates in which the pyrrole ring was truncated to R 
= -H, -Me, -OMe, and the carboxylic acid groups were esterified. These compounds were 
characterized electrochemically and computationally to establish a predictive correlation of their 
first and second reduction potentials, along with the potentials of many quinones available in the 
literature. With this correlation and the surrogates 3a-c in hand, these data were then compared 
to related pyrroloquinoline quinone compounds to determine their electronic and structural 
similarity. We suspected that the truncation of the pyrrole ring will have a minimal impact on the 
quinone surrogates. 
164 
   
3.2 Results/Discussion 
3.2.1. Synthesis of the quinoline quinones 3a–c 
 Synthesis of the quinoline quinones 3a–c began with the condensation of substituted 2-
aminophenols with dimethyl 2-oxoglutaconate in 1,2-dichloroethane at reflux for 24 h with p-
toluenesulfonic acid as a catalyst to yield the 8-hydroxyquinolines, 2a–c.6 The reactions, 
monitored by LCMS, proceeded in low yields (19–28%), but furnished the precursor compounds 
(2a–c) following purification by column chromatography on silica gel, eluted with hexanes and 
ethyl acetate.  
 
Scheme 3.2.1. Synthesis of 2a-c, 3a-c and 4d. 
 In pursuit of a R = -Ph 8-hydroxyquinoline, the expected mass was not detected by LCMS. 
Instead, the only mass observed was for that of the benzoxazinones, 4d. The isolation of 4d was 
attributed primarily to the increased steric bulk of the phenyl substitution at the 4-position of 1d. 
The steric encumbrance at the 4-position of the aminophenol evidently favored the lactonization 
reaction to form 4d. Following characterization of 4d we noticed the related compound 4b where 
R = -Me, similarly formed during the synthesis of 2b. Compound 4b was also isolated by column 
chromatography and fully characterized. Attempts to reverse this condensation and generate the 
desired 2d were unsuccessful. 
 Following their purification, we explored oxidation procedures to convert the precursors 2a–c to 
the quinones, 3a–c. Several oxidants were screened, including 2-iodoxybenzoic acid (IBX), 
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Fremy’s salt, and CAN, before settling on a polymer supported IBX derivative.7 The precursors, 
2a–c, dissolved in dichloromethane, were agitated with the polymer-supported IBX for 16 h. The 
IBX polymer was removed by filtration using a medium porosity fritted filter and the solvent was 
removed to afford the quinoline quinones 3a–c. Compounds 3a–c were isolated in high yields (90 
– 99%).  The IBX-polymer was regenerated by agitation with nBu4NHSO5 and methanesulfonic 
acid in DCM for 3 h.8 The regenerated polymers were used up to four times before depreciation in 
activity was observed.7b Compounds 3a–c were characterized by 1H and 13C NMR, IR and UV-
Vis spectroscopy, and electrochemistry. 
    
Figure 3.2.1. Thermal ellipsoid plot of complex 3a. Thermal ellipsoids set at 30% probability. 
Hydrogens were omitted for clarity. Selected bond lengths [Å]: C(8)–O(2) 1.2054(15), C(7)–O(1) 
1.2217(16), C(5)–O(7) 1.3388(15). 
Additionally, compound 3a was characterized crystallographically.9 3a was crystallized by slow 
evaporation of a concentrated CHCl3 solution. This is the first example of a crystallographically 
characterized neutral quinoline quinone. The only previous structures were reported on as 
sodium or copper salts. The quinone bond lengths of 3a, C(8)O(2) 1.2054(15) Å and C(7)O(1) 
1.2217(16) Å, compared well with the bond lengths found in the crystal structure of the doubly 
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deprotonated disodium salt of the parent carboxylate PQQ, which were 1.2051(9) Å and 
1.2047(6) Å, respectively.10 One difference between 3a and PQQ was that the bond length 
between C(7)O(1) in 3a was almost 0.02 Å longer than that of PQQ. We attributed this 
difference to electron donation from the methoxy substituent into the π* of the α,β-unsaturated 
carbonyl moiety, which lengthens the carbon-oxygen bond. 
 
3.2.2. DFT characterization of the quinoline quinones 3a–c and development of a linear 
correlation between 1st and 2nd reduction potentials and DFT energies 
We sought to compare the electronic structure of our PQQ surrogates to other quinones, 
including a previously characterized PQQ surrogate. We proposed that the comparison of 
experimental E1/2’s from a family of quinones to computational parameters would support our 
assignments of the cyclic voltammetry. In addition, these correlations could serve as a predictive 
tool for designing future surrogates which demonstrate more electron rich or more electron poor 
quinones, depending on the desired properties and reactivity. We continued the characterization 
of compounds 3a–c using DFT methods in the Gaussian software package.11 Optimized 
structures were obtained using the 6-31G* basis set and a CPCM solvent field using acetonitrile 
as the solvent. Frequency calculations revealed no negative frequencies, supporting that the 
geometries obtained were energetic minima. The DFT optimized bond distances and angles for 
3a were consistent with the crystal structure. The experimental quinone bond lengths C(8)O(2) 
1.2054(15) Å and C(7)O(1) 1.2217(16) Å were comparable to the calculated values of 1.2142 Å 
and 1.2274 Å respectively. 
IR spectra were collected for compounds 3a–c using KBr pellets and were also compared to 
their computed spectra from the DFT optimized frequency calculations. The positions of the 
peaks were corrected based on a reported correction for the 6-31G* basis set.12 The carbonyl 
stretching frequencies (1820–1650 cm–1) were consistent with experiment. In the spectrum for 3a, 
for example, the carbonyl peaks at 1732, 1718, and 1657 cm–1 matched well in position and 
intensity with the calculated carbonyl stretches at 1735, 1731, and 1663 cm–1, respectively 
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(Figure 3.4.6e). In the spectrum of 3b, two peaks were observed in the carbonyl region at 1736 
and 1678 cm–1. These matched well with the three calculated peaks at 1733, 1723, and 1676 cm–
1 (Figure 3.4.7e). The two calculated peaks at 1733 and 1723 cm–1 overlapped in the 
experimental spectrum, producing the peak observed at 1736 cm–1. In the spectrum of 3c, two 
peaks were observed in the carbonyl region at 1732 and 1684 cm–1. These matched well with the 
three calculated peaks at 1733, 1713 and 1684 cm–1 (Figure 3.4.8e). For 3c the overlapping of 
two peaks contributed to the large peak at 1732 cm–1 in the experiment. We expect these 
carbonyl stretches to be useful spectroscopic markers for exploring the use of 3a–c as ligands. 
For the purpose of predicting the redox energetics and associated electrochemistry of the 
quinoline quinones, we selected quinones from the literature that had been electrochemically 
characterized.13 Gillmore and coworkers previously established the utility of DFT for assessing 
redox energetics in the first reduction of organic molecules. The quinones we selected and 
synthesized were all structurally optimized in their neutral, radical anionic, and dianionic states 
using a series of DFT calculations. All of the structures converged and were confirmed to have no 
negative frequencies. The total thermal free energy values were then extracted from the results of 
their frequency calculations. The differences in energy (ΔG) from neutral quinone to semiquinone 




   
 
Figure 3.2.2. (a) Structures of quinones with only first reduction potentials experimentally 
determined. (b) Structures of quinones with first and second reduction potentials experimentally 
determined.  
169 
   
  
Figure 3.2.3. (a) Observed potential versus computed free energy difference for the first 
reduction. (b) Observed potential versus computed free energy difference for the second 
reduction. 
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 A linear positive correlation between experimental E1/2 and DFT computed results was evident 
with an R2 value of 0.9839. This approach provided a method to predict reduction potentials from 
DFT optimized structures. The same procedure was then used to correlate the free energy 
differences between the radical anion and the dianion with the second reduction potential, 
affording a linear correlation with R2 = 0.9708. The predictive power of the quinone correlation 
was further evaluated using the Mean Absolute Deviation (MAD).14 The MAD for the first 
reduction potential correlation was 46 mV, and the MAD for the second reduction potential 
correlation was 68 mV. We attributed the larger deviation in the second correlation to a larger 
number of first reduction potentials available in the literature compared to second reduction 
potentials. 
 
Figure 3.2.4. HOMO orbitals of singly, doubly, and triply reduced calculations of compound 3a. 
Structures of these compounds are shown below each orbital. 
 Recording the cyclic voltammogram of 3a in acetonitrile with [nPr4N][BArF4] as the supporting 
electrolyte,15 three reduction features were observed at potentials less than the open circuit 
potential, at E1/2 = –0.84, –1.56, and –2.07 V versus Fc/Fc+ (Figure 3.4.6f). Scan rate 
dependences of these features were measured and they showed the expected linear relation to 
ν1/2. Randles-Sevcik plots depicting this relationship are included in the experimental procedures. 
We attributed the reductions to the first and second reduction of the quinone, followed by a 
reduction centered primarily on the pyridine ring and the ester functional group in the 4-position. 
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Assignments of the waves were supported by visualizing our DFT results using the Chemcraft 
software package.16 These visualizations showed the associated HOMO character for each redox 
form (Figure 3.2.4). The calculated values, E1/2 = –0.88, and –1.46 V versus Fc/Fc+, for the first 
and second reduction potential matched reasonably well to the experimental reduction potentials. 
The values for 3b and 3c were also determined and are depicted in Figure 3.2.3. Finally, we 
found the first reduction potential of a PQQ derivative isolated in the literature, PQQMe4. The first 
reduction potential was measured to be –0.90 V and our prediction placed the potential at -0.94 
V, within the MAD for that correlation. This demonstrates the utility of our correlation for complex 
quinones. The second reduction potential for PQQMe4 was not available. 
 
3.3 Conclusions 
 In conclusion, we have synthesized a series of 5-substituted quinoline 7,8-quinones, 3a–c, and 
these compounds were characterized electrochemically and computationally. Their positions 
were determined among a larger set of o- and p-quinones in a correlation of their computed ΔG 
versus their experimental reduction potentials. Using this correlation allows us to predict the 
electrochemical properties of theoretical PQQ analogues beyond those synthesized in this work. 
The synthetic scheme presented here allows for a variety of substituted quinoline quinones to be 
isolated. The compounds 3a–c are currently being investigated as ligands for cerium and the 
resulting compounds will be used as model complexes to investigate the mechanism of methanol 
dehydrogenation in lanthanide based MDH model complexes. The flexible and predictive strategy 
presented herein allows for fine control of the electronic properties of the quinone cofactors to be 
used in future studies. 
 
3.4 Experimental Procedures 
 General Methods. Glassware was oven-dried overnight at 150 °C prior to use. 1H NMR were 
obtained on a Bruker DMX-300 Fourier transform NMR spectrometer at 300 MHz. 13C NMR were 
obtained on a Bruker DMX-300 Fourier transform NMR spectrometer at 90 MHz and a BioDRX-
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500 Fourier transform NMR spectrometer at 125 MHz. Chemical shifts were recorded in units of 
parts per million downfield from TMS at 0ppm, using residual proteo solvent peaks (1H) and 
solvent carbon peaks (13C) for reference. HRMS was obtained on Waters LC-TOF mass 
spectrometer (model LCT-XE Premier) using electrospray ionization in positive mode. The 
sample was prepared in 50% methanol and 50% acetonitrile and introduced using flow injection 
through a Waters Alliance separation module 2695 into a mobile phase of 100% methanol (flow 
rate of 0.2 mL/minute). Leucine Enkephalin was used as an internal reference (2 ng/uL in 1:1 V/V 
acetonitrile/water mixed in equal parts with 1% acetic acid in 1:1 V/V acetonitrile/water) and 
introduced by infusion. The LCT mass spectrometer was tuned and calibrated in the appropriate 
mode. Standard settings were used for all other parameters including drying gas, nebulizer flow, 
cone voltage, etc. The dry gas temperature was set at the default value of 300 degrees Celsius. 
Data analysis was performed using the automated Waters software with the results reported as 
follows: Molecular ion (MH+), mass found (---), and mass calculated (---) from the molecular ion 
formula. The solvents used were all Optima grade from Fisher and the internal reference was a 
MS Leucine Enkephalin Kit from Waters. UV-Vis data were collected on a Cary 5000 
spectrometer in toluene in 1 mm path length quartz cuvettes. The infrared spectra were obtained 
by pressing KBr pellets and collecting from 450–4000 cm-1 using a Perkin Elmer 1600 series 
infrared spectrometer. Cyclic voltammetry data were processed using CHI software v14.08. 
 Materials. CH2Cl2, C2H4Cl2, hexanes, ethyl acetate, acetonitrile and toluene were purchased 
from Fisher Scientific. Deuterated solvents were purchased from Cambridge Isotope 
Laboratories, Inc. 2-oxoglutaconate, 2-amino-4-methoxyphenol, and 2-amino-4-phenylphenol, 
and nBu4NHSO5 were prepared according to literature procedures.  2-aminophenol, 2-amino-4-
methylphenol, and methanesulfonic acid were used as received from Acros Organics. IBX 
polystyrene was used as received from EMD Biomedical and regenerated using literature 
procedures. 
 Electrochemistry. Voltammetry experiments (CV) were performed using a CH Instruments 
620D Electrochemical Analyzer/Workstation and the data were processed using CHI software 
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v14.08. All experiments were performed under nitrogen in an inert atmosphere glovebox using 
electrochemical cells that consisted of a 4 mL vial, glassy carbon working electrode purchased 
from CHI, a platinum wire counter electrode purchased from CHI, and a silver wire plated with 
AgCl as a quasi-reference electrode. All electrodes were placed directly in the solvent to form the 
electrochemical cell. The Ag/AgCl reference electrode was generated by immersing silver wire in 
concentrated hydrochloric acid followed by thorough rinsing with deionized water. HPLC grade 
Acetonitrile was sparged for 30 min with dry argon and dried using a commercial two-column 
solvent purification system comprising columns packed with neutral alumina. The dry acetonitrile 
was transferred into the glovebox using an air tight Strauss flask. The working electrode surfaces 
were polished prior to each set of experiments. Potentials were reported versus ferrocene, which 
was added as an internal standard, namely through evaluation of the cathodic and anodic wave 
separation, for calibration at the end of each run. Solutions employed during these studies were 
~3 mM in analyte and 100 mM in [nPr4N][BArF4] in 10 mL of acetonitrile. [nPr4N][BArF4] was 
synthesized according to literature procedures. All data were collected in a positive-feedback IR 
compensation mode. 
Synthetic Details and Characterization 
     
Synthesis of 5-substituted 8-hydroxyquinolines (2a–c) with benzoxazinone byproducts 
(4b, 4d). General Procedure.      
A 500 mL 3-neck round bottom flask was charged with dimethyl 2-oxoglutaconate (3.05 g, 17.7 
mmol, 1.5 equiv), a 2-aminophenol (11.8 mmol, 1.0 equiv), p-toluenesulfonic acid (101.6 mg, 0.59 
mmol, 0.05 equiv), 4 Å molecular sieves, and 250 mL 1,2-dichloroethane. The solution was 
refluxed for 24 hours, with the solution slowly turning from light orange to dark orange. The 
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solution was filtered and the solvent removed under reduced pressure. The residue was purified 
by column chromatography on silica gel using hexanes and ethyl acetate to yield pure product.  
2a (R = –OMe); yield 937.0 mg, 3.22 mmol, 28%, yellow solid, Mp: 93-95 oC; 1H NMR (300 
MHz, CDCl3) δ 8.025 (s, 1H, H-3), 7.142 (d, J = 8.4 Hz, 1H, H-6), 6.931 (d, J = 8.4 Hz, 1H, H-7), 
3.993 (s, 3H, H-10), 3.965 (s, 3H, H-11), 3.865 (s, 3H, R-OMe); 13C NMR (90 MHz, CDCl3) δ 
168.75, 164.58, 147.31, 146.61, 145.17, 139.18, 138.09, 118.69, 117.16, 111.20, 110.12, 56.94, 
52.99, 52.76 ppm. ESI-MS m/z: calcd. for [C14H14NO6]+: 292.0821; found, 292.0820. Relevant IR 
peaks (KBr pellet) 3341 cm-1 (O–H), 1735 cm-1 (C=O). 
2b (R = –Me); yield 617.2 mg, 2.24 mmol, 19%, yellow oil; 1H NMR (300 MHz, CDCl3) δ 8.131 
(s, 1H, H-3), 7.408 (d, J = 7.8 Hz, 1H, H-6), 7.162 (d, J = 7.8 Hz, 1H, H-7), 4.041 (s, 3H, H-10), 
4.028 (s, 3H, H-11), 2.481 (s, 3H, R-Me); 13C NMR (75 MHz, CDCl3) δ 169.56, 164.84, 152.04, 
143.94, 140.46, 138.93, 133.61, 124.43, 123.66, 120.52, 111.34, 53.37, 53.27, 20.29 ppm. ESI-
MS m/z: calcd. for [C14H14NO5]+: 276.0872; found, 276.0872. Relevant IR peaks (KBr pellet) 3382 
cm-1 (O–H), 1731 cm-1 (C=O). 
2c (R = –H); yield 739.8 mg, 2.832 mmol, 24%, orange solid, Mp: 107-109 oC; 1H NMR (300 
MHz, CDCl3) δ 8.692 (s, 1H, H-3), 8.388 (s, 1H, -OH), 8.295 (dd, J = 8.7, 0.9 Hz, 1H, H-5), 7.692 
(dd, J = 8.7, 8.7 Hz, 1H, H-6), 7.261 (dd, J = 8.7, 0.9 Hz, 1H, H-7), 4.081 (s, 3H, H-10), 4.068 (s, 
3H, H-11); 13C NMR (75 MHz, CDCl3) δ 165.9, 164.9, 153.5, 144.8, 139.0, 136.1, 132.3, 126.9, 
123.2, 116.1, 111.4, 53.2, 53.0 ppm. ESI-MS m/z: calcd. for [C13H12NO5]+: 262.0715; found, 
262.0715. Relevant IR peaks (KBr pellet) 3419 cm-1 (O–H), 1751, 1713 cm-1 (C=O). 
4b (R = –Me); yield 839.1 mg, 3.42 mmol, 29%, yellow solid, Mp: 140-144 oC; 1H NMR (300 
MHz, CDCl3) δ 7.758 (d, J = 14.7 Hz, 1H, H-4), 7.501 (d, J = 1.5 Hz, 1H, H-1), 7.269 (dd, J = 8.4, 
1.5 Hz, 1H, H-2), 7.189 (d, J = 14.7 Hz, 1H, H-5), 7.113 (d, J = 8.4 Hz, 1H, H-3), 3.756 (s, 3H, H-
6), 2.360 (s, 3H, R-Me); 13C NMR (125 MHz, CDCl3) δ 166.6, 152.6, 148.0, 144.6, 137.1, 136.2, 
133.8, 131.7, 130.0, 128.8, 116.3, 52.4, 21.0 ppm. ESI-MS m/z: calcd. for [C13H12NO4]+: 
246.0766; found, 246.0763. Relevant IR peaks (KBr pellet) 1742 cm-1 (C=O), 1710 cm-1 (C=O). 
175 
   
4d (R = –Ph); yield 1849.4 mg, 6.018 mmol, 51%, yellow oil; 1H NMR (300 MHz, CDCl3) δ 
8.015 (d, J = 2.1 Hz, 1H, H-1), 7.882 (d, J = 15.9 Hz, 1H, H-4), 7.783 (dd, J = 8.7, 2.1 Hz, 1H, H-
2), 7.618 (multiplet, 2H, R-Ph), 7.490 (multiplet, 2H, R-Ph), 7.450-7.300 (overlapping, 3H, R-Ph, 
H-3, H-5), 3.859 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 166.2, 152.0, 148.2, 145.6, 139.3, 138.7, 
136.6, 131.7, 131.2, 129.1, 128.9, 128.0, 127.9, 127.0, 116.7, 52.1 ppm. ESI-MS m/z: calcd. for 
[C18H14NO4]+: 308.0923; found, 308.0929. Relevant IR peaks (KBr pellet) 1752 cm -1 (C=O), 1715 
cm-1 (C=O). 
     
Synthesis of 5-substituted quinoline 7,8-quinones (3a–c). General Procedure. 
A 20 mL screw cap vial was charged with 20 mL of dichloromethane and 2 (0.356 mmol, 1.0 
equiv). Polymer supported IBX (677.4 mg, 0.623 mmol, 1.75 equiv) was added to the solution and 
stirred overnight. The solution was then filtered over a medium porosity fritted filter and the 
solvent removed under reduced pressure to provide pure compound. Diffraction quality crystals of 
3a were grown by slow evaporation of a concentrated CHCl3 solution. 
3a (R = –OMe); yield 103.2 mg, 0.338 mmol, 95% yield, orange solid, Mp: 132-135 oC; 1H NMR 
(300 MHz, CDCl3) δ 8.266 (s, 1H, H-3), 6.152 (s, 1H, H-6), 4.043 (s, 3H, H-10), 4.015 (s, 3H, H-
11), 3.986 (s, 3H, R-OMe); 13C NMR (90 MHz, CDCl3) δ 177.3, 166.6, 165.4, 163.9, 150.2, 146.4, 
141.0, 127.7, 127.2, 105.7, 58.0, 53.8, 53.4 ppm. ESI-MS m/z: calcd. for [C14H12NO7]+: 306.0614; 
found, 306.0617. Relevant IR peaks (KBr pellet) 1735 cm-1 (C=O), 1717 cm-1 (C=O), 1663 cm-1 
(C=O). 
3b (R = –Me); yield 102.9 mg, 0.356 mmol, 99% yield, brown solid, Mp: 83-85 oC; 1H NMR (300 
MHz, CDCl3) δ 8.287 (s, 1H, H-3), 6.612 (s, 1H, H-6), 4.055 (s, 3H, H-10), 4.045 (s, 3H, H-11), 
2.402 (s, 3H, R-Me); 13C NMR (90 MHz, CDCl3) δ 178.1, 177.2, 167.2, 163.8, 150.0, 148.7, 
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147.3, 141.8, 131.8, 131.4, 127.9, 54.0, 53.6, 31.6 ppm. ESI-MS m/z: calcd. for [C14H12NO6]+: 
290.0665; found, 290.0654. Relevant IR peaks (KBr pellet) 1736 cm-1 (C=O), 1678 cm-1 (C=O). 
3c (R = –H); yield 88.2 mg, 0.320 mmol, 90% yield brown solid, Mp: 34-35 oC; 1H NMR (300 
MHz, CDCl3) δ 8.754 (s, 1H, H-3), 8.663 (d, J = 10.8 Hz, 1H, H-5), 6.743 (d, J = 10.8 Hz, 1H, H-
6), 4.068 (s, 3H, H-10), 4.064 (s, 3H, H-11); 13C NMR (75 MHz, CDCl3) δ 179.0, 177.0, 163.9, 
163.9, 149.4, 148.3, 138.3, 137.7, 132.6, 131.3, 129.2, 53.6, 53.5 ppm. ESI-MS m/z: calcd. for 




Figure 3.4.1a. 1H NMR Spectrum of 2a in CDCl3. 
 
Figure 3.4.1b. 13C NMR Spectrum of 2a in CDCl3.  
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Figure 3.4.1c. IR Spectrum of 2a (KBr Pellet).  
Figure 3.4.2a. 1H NMR Spectrum of 2b in CDCl3.  
 






   
 
Figure 3.4.2c. IR Spectrum of 2b (KBr Pellet).  
 
Figure 3.4.3a. 1H NMR Spectrum of 2c in CDCl3. 
 





   
 
Figure 3.4.3c. IR Spectrum of 2c (KBr Pellet).  
 




   
 
Figure 3.4.4b. 13C NMR Spectrum of 4b in CDCl3.  
 
 
Figure 3.4.4c. IR Spectrum of 4b (KBr Pellet).  
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Figure 3.4.5a. 1H NMR Spectrum of 4d in CDCl3. 









   
Figure 3.4.5c. IR Spectrum of 4d (KBr Pellet). 
Figure 3.4.6a. 1H NMR Spectrum of 3a in CDCl3.  
 
Figure 3.4.6b. 13C NMR Spectrum of 3a in CDCl3.  
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Figure 3.4.6c. IR Spectrum of 3a (KBr Pellet).  
 
Figure 3.4.6d. IR Spectrum of 3a (blue) with calculated IR peaks (red). 
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Figure 3.4.6e. IR Spectrum of 3a with calculated IR peaks focused on carbonyl peaks. 
.  
Figure 3.4.6f. CV of 3a in ACN/[nPr4][BArF4] (50 mV/s), OCP = -0.525 V vs. Fc/Fc+ 
Pyridine reduction 
185 
   
 




Figure 3.4.6h. Scan rate dependence (Wave B) of 3a in ACN/[nPr4][BArF4] with Randles-Sevcik 
plot. 
 
Figure 3.4.6i. UV-Vis of 3a in ACN. 
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Figure 3.4.7a. 1H NMR Spectrum of 3b in CDCl3. 
 
Figure 3.4.7b. 13C NMR Spectrum of 3b in CDCl3.  
 




   
 
Figure 3.4.7d. IR Spectrum of 3b with calculated IR peaks. 
 
Figure 3.4.7e. IR Spectrum of 3b with calculated IR peaks focused on carbonyl peaks. 
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Figure 3.4.7f. CV of 3b in ACN/[nPr4][BArF4] (50 mV/s), OCP = -0.206 V vs. Fc/Fc+. 
 
Figure 3.4.7g. Scan rate dependence of 3b in ACN/[nPr4][BArF4] with Randles-Sevcik plot. 
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Figure 3.4.7i. UV-Vis of 3b in ACN. 
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Figure 3.4.8a. 1H NMR Spectrum of 3c in CDCl3. 
 





   
 
Figure 3.4.8c. IR Spectrum of 3c (KBr Pellet).  
 
Figure 3.4.8d. IR Spectrum of 3c with calculated IR peaks. 
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Figure 3.4.8e. IR Spectrum of 3c with calculated IR peaks focused on carbonyl peaks. 
 
Figure 3.4.8f. CV of 3c in ACN/[nPr4][BArF4] (50 mV/s). 
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Figure 3.4.8g. Scan rate dependence of 3c in ACN/[nPr4][BArF4] with Randles-Sevcik plot. 










   
 X-Ray Crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1) K. In all cases, rotation frames were integrated using SAINT,9a producing a listing of 
unaveraged F2 and σ(F2) values which were then passed to the SHELXTL9a program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 
corrected for Lorentz and polarization effects and for absorption using TWINABS9c or SADABS9b. 
The structures were solved by direct methods (SHELXS-97). Refinement was by full-matrix least 
squares based on F2 using SHELXL-97.9d All reflections were used during refinements. Non-
hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. Crystallographic data and structure refinement information are available in CIF files and 
can be found online at http://macxray.chem.upenn.edu/. 
Computational Details.  Geometry optimizations were completed using Gaussian 09 Revision 
C.01. The B3LYP hybrid DFT method was employed with the 6-31G* basis set on all atoms. 
Initial coordinates for the geometry optimizations of the quinones were made from structures 
drawn in Chemcraft v1.6. A frequency calculation at the same level of theory confirmed that the 
geometries were minima and returned no negative frequencies. MO’s were rendered with the 
program Chemcraft v1.6.  
Table 3.4.1a. Optimized coordinates of 3a, quinone form.  
Sum of electronic and thermal Free Energies = –1121.235694 Hartrees. 
6        0.725166000     -0.211508000      0.067452000 
6       -0.001668000     -1.420067000     -0.030506000 
6        0.727506000     -2.733151000     -0.115727000 
6        2.273426000     -2.702811000     -0.072365000 
6        2.916486000     -1.414617000      0.043578000 
6        2.204038000     -0.253130000      0.113933000 
6       -0.017027000      0.981640000      0.129623000 
6       -1.409947000      0.901265000      0.112369000 
195 
   
6       -2.024563000     -0.350092000      0.014598000 
7       -1.331522000     -1.489627000     -0.060192000 
8        0.144830000     -3.793601000     -0.217166000 
8        2.881405000     -3.767260000     -0.133432000 
6        0.570495000      2.368517000      0.259528000 
6       -3.525555000     -0.498078000     -0.015057000 
8        0.883253000      2.873186000     -0.935945000 
8        0.640710000      2.961223000      1.314839000 
6        1.394364000      4.226594000     -0.934313000 
8       -4.135288000      0.690939000      0.100942000 
8       -4.103429000     -1.558735000     -0.128003000 
6       -5.578093000      0.665515000      0.090057000 
1        3.998696000     -1.416428000      0.079565000 
1       -2.012469000      1.799243000      0.170354000 
1        1.575154000      4.466473000     -1.980864000 
1        0.656947000      4.906914000     -0.503337000 
1        2.322479000      4.277106000     -0.361030000 
1       -5.940662000      0.246310000     -0.851085000 
1       -5.950027000      0.068381000      0.925588000 
1       -5.886302000      1.704858000      0.192701000 
8        2.743471000      0.960731000      0.240368000 
6        4.172976000      1.102474000      0.309146000 
1        4.566602000      0.560639000      1.173680000 
1        4.634079000      0.736118000     -0.612286000 
1        4.350917000      2.170611000      0.421355000 
Table 3.4.1b. Optimized coordinates of 3a, semiquinone form.  
Sum of electronic and thermal Free Energies = –1121.371742 Hartrees. 
196 
   
 6       -0.734841000     -0.199631000     -0.070538000 
6        0.000619000     -1.435151000      0.046657000 
6       -0.684166000     -2.736588000      0.137529000 
6       -2.175047000     -2.732145000      0.069010000 
6       -2.839764000     -1.456406000     -0.068044000 
6       -2.171977000     -0.258418000     -0.138365000 
6        0.015495000      0.998286000     -0.133282000 
6        1.400432000      0.940538000     -0.120310000 
6        2.025314000     -0.320270000     -0.010746000 
7        1.349590000     -1.459972000      0.079115000 
8       -0.053107000     -3.814068000      0.260057000 
8       -2.823705000     -3.807895000      0.122901000 
6       -0.591568000      2.373763000     -0.233231000 
6        3.519580000     -0.450203000      0.014245000 
8       -0.974182000      2.828298000      0.969871000 
8       -0.631897000      3.027348000     -1.256629000 
6       -1.541403000      4.154099000      0.985996000 
8        4.126147000      0.747967000     -0.129709000 
8        4.131348000     -1.493991000      0.143677000 
6        5.564663000      0.726957000     -0.127476000 
1       -3.922312000     -1.493441000     -0.122425000 
1        1.994256000      1.843832000     -0.181258000 
1       -1.777569000      4.356398000      2.030161000 
1       -0.820919000      4.882986000      0.607546000 
1       -2.447245000      4.185433000      0.375624000 
1        5.940371000      0.329004000      0.818456000 
1        5.938766000      0.114432000     -0.951652000 
197 
   
1        5.871934000      1.764746000     -0.253784000 
8       -2.780576000      0.953638000     -0.292282000 
6       -4.201976000      0.998269000     -0.383604000 
1       -4.560942000      0.424710000     -1.246044000 
1       -4.669063000      0.612038000      0.529770000 
1       -4.458808000      2.050689000     -0.510338000 
Table 3.4.1c. Optimized coordinates of 3a, catecholate form.  
Sum of electronic and thermal Free Energies = –1121.459191 Hartrees.  
6        0.859253000     -0.112830000     -0.051720000 
6        0.249928000     -1.461071000      0.029624000 
6        1.066302000     -2.686754000      0.054076000 
6        2.543782000     -2.534149000     -0.130833000 
6        3.023738000     -1.210600000     -0.304327000 
6        2.228696000     -0.046219000     -0.252844000 
6       -0.055036000      0.996511000      0.031473000 
6       -1.411351000      0.776681000      0.027986000 
6       -1.903304000     -0.570673000      0.027379000 
7       -1.078665000     -1.625879000      0.059789000 
8        0.555645000     -3.835159000      0.181031000 
8        3.297427000     -3.567307000     -0.159403000 
6        0.397510000      2.399109000      0.274531000 
6       -3.339223000     -0.875962000      0.022833000 
8       -0.091424000      3.253308000     -0.658134000 
8        1.050131000      2.782233000      1.230489000 
6        0.199255000      4.645352000     -0.440867000 
8       -4.105016000      0.262301000     -0.016441000 
8       -3.857703000     -1.988472000      0.045204000 
198 
   
6       -5.519994000      0.052316000     -0.028233000 
1        4.090378000     -1.098432000     -0.498552000 
1       -2.105592000      1.606250000      0.085715000 
1       -0.273429000      5.176299000     -1.267523000 
1       -0.212911000      4.983078000      0.513757000 
1        1.278743000      4.817804000     -0.446404000 
1       -5.824391000     -0.524664000     -0.906776000 
1       -5.846741000     -0.478255000      0.871217000 
1       -5.967332000      1.047064000     -0.059893000 
8        2.819076000      1.200386000     -0.498738000 
6        3.805658000      1.599422000      0.447759000 
1        3.381496000      1.660731000      1.456943000 
1        4.662870000      0.913933000      0.456129000 
1        4.151196000      2.592222000      0.143770000 
Table 3.4.2a. Optimized coordinates of 3b, quinone form.  
Sum of electronic and thermal Free Energies = –1046.021713 Hartrees.  
6       -1.033090000      0.151840000     -0.001498000 
6       -0.694103000     -1.228961000     -0.009590000 
6       -1.771275000     -2.277201000      0.011464000 
6       -3.233529000     -1.789759000     -0.010889000 
6       -3.449698000     -0.358023000     -0.147582000 
6       -2.453530000      0.564870000     -0.159855000 
6        0.057225000      1.045267000      0.099025000 
6        1.359655000      0.541186000      0.073594000 
6        1.563062000     -0.838118000      0.009933000 
7        0.549509000     -1.705978000     -0.003967000 
8       -1.529063000     -3.466616000      0.056013000 
199 
   
8       -4.139805000     -2.610435000      0.049352000 
6       -0.050251000      2.524883000      0.370798000 
6        2.943149000     -1.443237000     -0.028021000 
8        0.534353000      3.241682000     -0.593512000 
8       -0.538408000      2.984081000      1.382916000 
6        0.584434000      4.673486000     -0.378198000 
8        3.892270000     -0.495102000     -0.018938000 
8        3.163659000     -2.635817000     -0.064335000 
6        5.255954000     -0.965459000     -0.055425000 
1       -4.482457000     -0.045165000     -0.269203000 
1        2.205912000      1.214675000      0.121445000 
1        1.090582000      5.076219000     -1.253761000 
1       -0.427589000      5.074809000     -0.296799000 
1        1.146098000      4.895318000      0.531333000 
1        5.462798000     -1.589005000      0.817166000 
1        5.431665000     -1.540282000     -0.967426000 
1        5.872049000     -0.067677000     -0.041669000 
6       -2.820841000      2.006306000     -0.395332000 
1       -2.170859000      2.466911000     -1.147837000 
1       -3.851313000      2.075526000     -0.749437000 
1       -2.730456000      2.595685000      0.521422000  
Table 3.4.2b. Optimized coordinates of 3b, semiquinone form.  
Sum of electronic and thermal Free Energies = –1046.163368 Hartrees. 
 6       -1.049536000      0.207234000     -0.006538000 
6       -0.770772000     -1.213993000      0.022832000 
6       -1.855897000     -2.221615000      0.048304000 
6       -3.252623000     -1.714462000     -0.032088000 
200 
   
6       -3.423328000     -0.290595000     -0.167405000 
6       -2.415176000      0.649085000     -0.161945000 
6        0.091327000      1.057649000      0.073155000 
6        1.368313000      0.515396000      0.042393000 
6        1.517149000     -0.884066000      0.009933000 
7        0.478285000     -1.713239000      0.029050000 
8       -1.618253000     -3.447490000      0.118399000 
8       -4.233058000     -2.506110000     -0.013879000 
6        0.032761000      2.531967000      0.349350000 
6        2.867693000     -1.530607000     -0.026051000 
8        0.713562000      3.239186000     -0.570808000 
8       -0.494804000      3.027534000      1.327193000 
6        0.815676000      4.658173000     -0.324197000 
8        3.859501000     -0.612961000     -0.036696000 
8        3.072075000     -2.730244000     -0.046890000 
6        5.198398000     -1.137674000     -0.073097000 
1       -4.451846000      0.043229000     -0.294975000 
1        2.238764000      1.157532000      0.080833000 
1        1.398781000      5.054557000     -1.154541000 
1       -0.178063000      5.111200000     -0.302106000 
1        1.323093000      4.843384000      0.625328000 
1        5.390347000     -1.757632000      0.806220000 
1        5.351097000     -1.733978000     -0.976155000 
1        5.853356000     -0.266806000     -0.075997000 
6       -2.788966000      2.098025000     -0.384335000 
1       -2.128860000      2.583118000     -1.114242000 
1       -3.809642000      2.160756000     -0.772440000 
201 
   
1       -2.737311000      2.690901000      0.534317000 
Table 3.4.2c. Optimized coordinates of 3b, catecholate form.  
Sum of electronic and thermal Free Energies = –1046.255175 Hartrees. 
6       -1.053978000      0.327690000     -0.081247000 
6       -0.892599000     -1.138133000      0.078448000 
6       -2.054969000     -2.048438000      0.185050000 
6       -3.409959000     -1.455710000     -0.012454000 
6       -3.441003000     -0.068490000     -0.285743000 
6       -2.333349000      0.822956000     -0.321901000 
6        0.181118000      1.083804000      0.000841000 
6        1.395460000      0.429762000     -0.021146000 
6        1.429206000     -0.994728000     -0.014038000 
7        0.305003000     -1.726416000      0.086255000 
8       -1.917291000     -3.286077000      0.380476000 
8       -4.452033000     -2.200740000      0.037205000 
6        0.232912000      2.530382000      0.332433000 
6        2.688882000     -1.746318000     -0.052779000 
8        1.207108000      3.184656000     -0.360504000 
8       -0.454378000      3.100160000      1.168363000 
6        1.424157000      4.553711000      0.014865000 
8        3.779971000     -0.917528000     -0.130727000 
8        2.819550000     -2.966334000     -0.030200000 
6        5.050763000     -1.573515000     -0.168226000 
1       -4.429505000      0.350220000     -0.488734000 
1        2.319118000      0.990995000      0.040143000 
1        2.231071000      4.909655000     -0.626652000 
1        0.521172000      5.148280000     -0.147932000 
202 
   
1        1.715758000      4.628596000      1.066371000 
1        5.215341000     -2.165141000      0.737532000 
1        5.127797000     -2.232879000     -1.037942000 
1        5.793555000     -0.776977000     -0.234794000 
6       -2.617609000      2.268987000     -0.671322000 
1       -1.839824000      2.696067000     -1.318843000 
1       -3.568934000      2.343710000     -1.211496000 
1       -2.678174000      2.927535000      0.204968000 
Table 3.4.3a. Optimized coordinates of 3c, quinone form.  
Sum of electronic and thermal Free Energies = –1006.738245 Hartrees.  
6        1.091286000      0.532347000      0.023752000 
6        1.097421000     -0.885614000     -0.007981000 
6        2.405681000     -1.625447000     -0.035297000 
6        3.710940000     -0.787153000     -0.046041000 
6        3.569643000      0.667477000     -0.030653000 
6        2.359938000      1.267179000      0.001684000 
6       -0.175457000      1.159841000      0.049396000 
6       -1.318673000      0.357358000      0.034561000 
6       -1.185920000     -1.033943000      0.012205000 
7        0.002830000     -1.643649000     -0.008917000 
8        2.473630000     -2.837823000     -0.047659000 
8        4.787181000     -1.365220000     -0.071866000 
6       -0.342788000      2.654576000      0.122848000 
6       -2.384828000     -1.948123000      0.010095000 
8       -1.544196000      3.030414000     -0.331609000 
8        0.490521000      3.430068000      0.553145000 
6       -1.832332000      4.445032000     -0.267124000 
203 
   
8       -3.530971000     -1.252323000      0.058028000 
8       -2.318162000     -3.159065000     -0.029014000 
6       -4.743926000     -2.033853000      0.062293000 
1        4.484395000      1.251692000     -0.049384000 
1        2.298305000      2.347054000      0.017135000 
1       -2.300422000      0.809172000      0.049150000 
1       -2.836841000      4.551223000     -0.673244000 
1       -1.794187000      4.789471000      0.768404000 
1       -1.110567000      5.001878000     -0.868120000 
1       -4.808350000     -2.634599000     -0.847626000 
1       -4.766909000     -2.688259000      0.936517000 
1       -5.555172000     -1.308562000      0.102973000 
Table 3.4.3b. Optimized coordinates of 3c, semiquinone form.  
Sum of electronic and thermal Free Energies = –1006.882046 Hartrees.  
6        1.086901000      0.606767000      0.029119000 
6        1.167098000     -0.836662000     -0.002092000 
6        2.475499000     -1.533534000     -0.037233000 
6        3.708866000     -0.690760000     -0.049748000 
6        3.525403000      0.739832000     -0.028149000 
6        2.299966000      1.359310000      0.011079000 
6       -0.224008000      1.170513000      0.051074000 
6       -1.327164000      0.327358000      0.037690000 
6       -1.129443000     -1.066460000      0.019206000 
7        0.079693000     -1.624578000     -0.000035000 
8        2.554574000     -2.780280000     -0.060182000 
8        4.850431000     -1.223213000     -0.080888000 
6       -0.457986000      2.648153000      0.118751000 
204 
   
6       -2.282514000     -2.021873000      0.019220000 
8       -1.682310000      2.980623000     -0.338745000 
8        0.329827000      3.476807000      0.541924000 
6       -2.023872000      4.377671000     -0.260486000 
8       -3.469159000     -1.375876000      0.043573000 
8       -2.187027000     -3.235077000     -0.000341000 
6       -4.637997000     -2.214547000      0.044975000 
1        4.433026000      1.340339000     -0.043202000 
1        2.240532000      2.439124000      0.033933000 
1       -2.328069000      0.734189000      0.052552000 
1       -3.033605000      4.451413000     -0.663128000 
1       -1.998285000      4.719964000      0.776889000 
1       -1.328804000      4.973299000     -0.856836000 
1       -4.664662000     -2.835119000     -0.854206000 
1       -4.646043000     -2.857788000      0.928474000 
1       -5.487129000     -1.531853000      0.062608000 
Table 3.4.3c. Optimized coordinates of 3c, catecholate form.  
Sum of electronic and thermal Free Energies = –1006.974563 Hartrees. 
 6        1.066870000      0.720272000      0.000035000 
6        1.238679000     -0.755453000     -0.000044000 
6        2.584164000     -1.385720000     -0.000049000 
6        3.780956000     -0.490416000      0.000056000 
6        3.506946000      0.896434000      0.000127000 
6        2.218324000      1.487638000      0.000117000 
6       -0.311329000      1.187469000      0.000022000 
6       -1.341086000      0.265742000     -0.000063000 
6       -1.056554000     -1.125134000     -0.000135000 
205 
   
7        0.206741000     -1.594750000     -0.000113000 
8        2.726054000     -2.637841000     -0.000133000 
8        4.959118000     -0.996710000      0.000067000 
6       -0.654600000      2.626752000      0.000081000 
6       -2.118051000     -2.139983000     -0.000226000 
8       -2.001865000      2.855387000     -0.000026000 
8        0.134403000      3.564824000      0.000004000 
6       -2.396392000      4.232503000     -0.000115000 
8       -3.369316000     -1.578631000      0.000053000 
8       -1.968344000     -3.357841000     -0.000026000 
6       -4.461116000     -2.503574000      0.000267000 
1        4.375166000      1.559354000      0.000195000 
1        2.138056000      2.567595000      0.000172000 
1       -2.369032000      0.599105000     -0.000082000 
1       -3.487132000      4.224638000     -0.000135000 
1       -2.022535000      4.746990000      0.889790000 
1       -2.022507000      4.746886000     -0.890069000 
1       -4.437349000     -3.140329000     -0.889192000 
1       -4.437277000     -3.140014000      0.889954000 
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CHAPTER 4 
 
Substituted Quinoline Quinones: Stoichiometric and 




Pyrroloquinoline quinone (PQQ) is an essential cofactor present in the active sites of methanol 
dehydrogenation enzymes. The quinone acts as an electron and proton reservoir in the 
dehydrogenation reaction. Previously, a series of electron-deficient quinoline quinones, 2,4-bis-
methylcarboxylate-5-R-7,8-quinoline quinones, R = -H, -Me, or -OMe, were synthesized and 
studied using electrochemistry and DFT. In the current work, the methoxy substituted quinoline 
quinone was found to act as a catalyst for the aerobic dehydrogenation of benzylamines. These 
dehydrogenation reactions were performed under O2 atmosphere without metal catalyst. The 
catechol form, 2,4-bis-methylcarboxylate-5-methoxy-7,8-quinoline catechol, was also found to be 
catalytically active, providing support for the proposed mechanism. DFT was used to elucidate 










Adapted from work submitted to Organic Letters, 2016. 
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4.1 Introduction 
Methanol dehydrogenase enzymes (MDH) are crucial to methanotrophs for performing 
respiration and biosynthesis.1 MDH enzymes include a cofactor, pyrroloquinoline quinone (PQQ), 
present in the active site, to accomplish the dehydrogenation of methanol. These MDH enzymes 
also include a metal cation in the active site which supports the PQQ cofactor. The enzymes were 
typically known to contain calcium2 and have recently been found with lanthanide cations in the 
active site.3 The PQQ cofactor has been studied previously with respect to non-enzymatic 
calcium-dependent alcohol dehydrogenation systems.4 These catalytic experiments showed that 
PQQ surrogates, in the presence of calcium ions and a strong base, were effective catalysts for 
the dehydrogenation of short chain alcohols, including methanol, ethanol, and isopropanol. 
For the calcium dependent enzymes, computational studies have suggested that the 
mechanism for the dehydrogenation of methanol primarily involves the carbonyl of the quinone 
cofactor.5 The calcium ion is proposed to serve as a support for proximate binding of substrate 
and quinone and also activating the carbonyl of the quinone moeity.5 Both calcium and rare earth 
dependent enzymes have been shown to be catalytic in the dehydrogenation of methanol, 
ethanol, and isopropanol.3b, 6 Non enzymatic quinone systems have also been explored for the 
oxidation of alcohols. Dichlorodicyanobenzoquinone (DDQ) was previously determined to be a 
catalyst under non-aqueous, non-biological conditions.7 These data have inspired the exploration 
of the reactivity of the PQQ cofactor and related quinone compounds in non-enzymatic systems.8 
The dehydrogenation of amines has been suggested to follow a similar mechanism to that of 
alcohols, and is explored herein for a structurally related PQQ surrogate.8b-d In proposed 
mechanisms for the dehydrogenation of substrates, the first step is the nucleophilic attack of the 
substrate heteroatom onto the quinone carbonyl bond closest to the pyridine ring. The higher 
nucleophilicity of amines compared to alcohols makes amines more easily activated substrates.  
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Figure 4.1.1. Truncation of the parent PQQ to the simplified QQOMe 
Recently we reported structurally simple PQQ surrogates, 2,4-bis-methylcarboxylate-5-R-7,8-
quinoline quinones, R = -H, -Me, or -OMe.9 These quinoline quinones and a series of other 
quinones were characterized computationally and electrochemically.10 Following the synthesis of 
these PQQ surrogates, we sought to investigate the dehydrogenation reactivity of the quinoline 
quinone (QQOMe), in which the pyrrole group of the parent PQQ has been truncated to a methoxy 
group and the carboxylic acids converted to methyl esters (Figure 4.1.1). These changes to the 
parent structure provided improved solubility and simplified the possible reaction pathways 




4.2.1. Dehydrogenation of benzylamines 
 
Scheme 4.2.1. Optimization of benzylamine oxidation. 
We began our studies of reactivity by investigating the reaction conditions for the 
dehydrogenation of benzylamine, which generates the dehydrogenated dimerized product, N-
benzylidene benzylamine, in the absence of a metal catalyst. The progress of these reactions and 
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their conversions were monitored by 1H NMR with the use of an internal standard. Reactions 
were performed in 0.5 mL d3-acetonitrile with variable catalyst loadings. Substrate was added and 
the reaction was run under a positive pressure of O2. Under these reaction conditions, over 17 h 
with 5 mol% of QQOMe, there was a conversion of substrate in 81% yield. An increase to 10 mol% 
slightly improved the conversion of benzylamine to N-benzylidene benzylamine. Surprisingly, the 
addition of metal cations, including Ca2+, La3+, and Ce3+, had no effect on the conversion rates or 
yields of the desired compounds under these conditions, in contrast to the enzymatic system. 
Previous reports have suggested that such dehydrogenation reactions of amines occur through 
an addition-elimination mechanism.8a In this context for the current system, the first step is 
addition of the amine into the carbonyl group of the quinone closest to the pyridine ring. This is 
followed by intramolecular proton transfer and the transfer of two electrons from the benzylamine 
fragment to the quinone. The quinoline catechol, QCOMe is then oxidized by molecular oxygen to 
regenerate the quinone, QQOMe.  
    
Figure 4.2.1. (a) Reduction of QQOMe by Na2S2O4. (b) Introduction of the catechol into the 
reaction conditions generates the desired N-benzylidene benzylamine product. 
To confirm the role the catechol plays in this reaction, we synthesized the catechol QCOMe 
independently. Reduction of QQOMe in a 1:1 mixture of THF:H2O was accomplished with Na2S2O4 
in air (Figure 4.2.1). This compound was then introduced to the reaction conditions, with 10 mol% 
loading in the presence of benzylamine under an O2 atmosphere. Within 17 h, a conversion of 
214 
   
40% was achieved, suggesting there is an induction period due to a slow oxidation of the 
catechol to the quinone under O2 atmosphere.  
 
Scheme 4.2.2. Substrate Scope of Activated Amines. 
We explored the reactivity of the QQOMe compound with different activated amines, such as 
substituted benzylamines, allylamine, and propargylamine (Scheme 4.2.2). Compounds with 
moderate electronic properties, benzylamine or 4-bromobenzylamine, showed high yields of the 
products 2a and 2c, 89% and 96%, respectively. Both electron rich and electron poor substrates 
had reduced yields in the dehydrogenative dimerization. For example, the dimerization of 4-
dimethylaminobenzylamine to the product 2b had a yield of 56%. We hypothesize that these 
more electron rich substrates present a harder deprotonation step, which decreases the yield. 
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The reaction of 4-nitrobenzylamine to form 2d achieved only trace dehydrogenation, presumably 
due to the electron withdrawing nature of the nitro group reducing its nucleophilicity (Scheme 
4.2.2). QQOMe was also effective at the dehydrogenation of α-heteroaromatic-methylamines. 
Under these conditions, non-benzyl primary amines and α-substituted benzylamines did not result 
in significant yield, as detected by NMR. We propose that this is due to increased steric effects at 
the α-position when the benzylamine adds into the quinone catalyst. 
          
Figure 4.2.2. Structures of the calculated intermediates for primary and secondary amines. The 
ΔG is displayed below each structure and the ΔΔG is shown to the right. 
We hypothesized that the α-methylation of these substrates would contribute to an energy 
difference at different points in the mechanism. To test this hypothesis, methylation at the alpha 
position was explored computationally. The mechanistic step involving addition of the 
benzylamine into the quinone C=O bond was used as a model to determine the energetic 
difference between the addition of benzylamine and α-methylbenzylamine at the carbonyl. The 
condensed alcohol-quinone complex was calculated with both substrates in a CPCM solvent field 
of acetonitrile using B3LYP/6-31G* basis set. The ΔG for each substrate reacting was determined 
through ΔG(Products-Reactants). These energies were then compared to determine the ΔΔG 
between the two substrates. The α-methylated substrate was determined to be 3.81 kcal/mol 
higher in energy than benzylamine (Figure 4.2.2), supporting our hypothesis that α-substituted 
benzylamines show lower reactivity due to steric clash. 
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Figure 4.2.3. Catalytic cycle shown for the condensation mechanism (a). 
 
Figure 4.2.4. Catalytic cycle shown for the addition elimination mechanism (b). 
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Figure 4.2.5. The energy landscape for each mechanism is shown with related mechanistic steps 
placed at the same positions on the reaction coordinate. 
There are two possible mechanisms suggested by previous studies of related reactivity (Figure 
4.2.3, 4.2.4).8c Mechanism (a) involves the condensation of benzylamine into the quinone and the 
subsequent attack of another equivalent of benzylamine onto the condensed compound to 
generate product and eliminate the aminocatechol (Figure 4.2.3). The aminocatechol is then 
oxidized and hydrolyzed to regenerate the quinone, which re-enters the catalytic cycle. 
Alternatively, mechanism (b) is an “addition-elimination” mechanism in which the complete 
condensation does not occur, and the catechol is generated as a byproduct (Figure 4.2.4). The 
catechol is then oxidized and continues through the catalytic cycle. These mechanisms were 
compared by calculating the intermediates and important transition states along the reaction 
coordinate using DFT methods (Figure 4.2.5). Energetically, mechanism (a) was found to have 
lower transition state energy barriers, ΔG‡, supporting the condensation mechanism (a) by ~10 
kcal/mol. However, when the dehydrogenation of benzylamine was monitored by LC/MS, the 
catechol was detected in the reaction mixture and the amino-catechol was not detected. These 
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experimental results suggest that mechanism (b) is the preferred mechanism. Finally, the 
reintroduction of the catechol into the reaction conditions was effective at generating N-
benzylidene benzylamine product, supporting its role in the catalysis. These experimental data 
support the addition-elimination mechanism (b). 
 
4.2.2. Dehydrogenation of benzyl alcohols 
 Following the exploration of the dehydrogenation of amines, we were interested in exploring 
the reactivity of the QQOMe surrogate with alcohols. Related PQQ surrogates have shown 
promising reactivity, but are limited by multi-step syntheses with low yields or syntheses that 
depend on modifying the prohibitively expensive parent PQQ directly.4, 11 We hypothesized that 
our PQQ surrogate would have similar reactivity to other reported compounds, with the 
advantage of a simple 2-step synthesis that used inexpensive starting materials. In a previous 
report a PQQ surrogate was shown to be able to dehydrogenate methanol, ethanol, and 
isopropanol, in analogy to the biological system (Scheme 4.2.3). Methanol, ethanol, and 
isopropanol were catalytically dehydrogenated to formaldehyde, acetaldehyde, and acetone, 
respectively, in the presence of the PQQMe3 surrogate and calcium perchlorate.4b These reported 
oxidation reactions stand as a unique example of this reactivity among quinone catalysts, as even 
the extremely oxidizing (E1/2 = +0.59 V vs SCE in CH3CN, or +0.19 V vs Fc/Fc+)12 2,3-Dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), is unable to oxidize methanol under harsh conditions.8a 
 
Scheme 4.2.3. Catalytic dehydrogenation of methanol and ethanol. 
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Figure 4.2.6. Equilibrium reaction being explored in the titration (top). Titration of QQOMe with 
methanol (amounts in uL listed in the legend) in an acetonitrile solution (left). Benesi–Hildebrand 
method was used to treat the data, (ΔA)-1 = ([QQOMe]iKΔε[MeOH])-1 + ([QQOMe]iΔε)-1, where ΔA is 
the change in absorbance, [QQOMe]i is the initial concentration of QQOMe, [MeOH] is the 
concentration of methanol, and Δε is the difference in extinction coefficient between the starting 
material and product (right). Known compounds and their methanol binding constants in CH3CN 
(bottom).11 
 Our structurally simpler quinone surrogates were studied in light of these previous 
observations. To determine the interaction of QQOMe with methanol, a deoxygenated solution of 
QQOMe in acetonitrile was prepared and the UV-vis spectrum was measured. To this solution 
methanol was titrated, producing the binding results shown in Figure 4.2.6. The decrease in 
intensity of the peak at ~250 nm and the growth of the peak at ~310 nm produced an isosbestic 
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point at 280 nm. These changes in the spectrum were then treated by the Benesi–Hildebrand 
method, (ΔA)-1 = ([QQOMe]iKΔε[MeOH])-1 + ([QQOMe]iΔε)-1.11 The results of this treatment provided 
the binding equilibrium constant K = 0.435 ± 0.069 M-1, which is consistent with a weak binding of 
methanol, favoring the uncoordinated system. Other systems have exhibited equilibrium 
constants with methanol in acetonitrile solution in the range of 1.04 – 0.036 M-1 (Figure 4.2.6),11 
supporting both our description of the equilibrium and the strength of the coordination as 
reasonable. All attempts to achieve oxidation of short chain alcohols with our quinones were 
unsuccessful in the absence of irradiation, despite this promising initial result. This result 
suggests that the range of quinone systems capable of this difficult oxidation is quite narrow. 
  
Scheme 4.2.4. Substrate Scope of Benzyl Alcohol Photooxidation. 
 We proceeded to explore more easily dehydrogenated substrates akin to the benzylamines 
discussed earlier. To this end we began exploring electron rich benzyl alcohols and attempting to 
dehydrogenate them. While our attempts to achieve dehydrogenation catalytically were again 
unsuccessful, we were able to dehydrogenate the benzyl alcohols stoichiometrically through 
irradiation of an acetonitrile solution of benzyl alcohols with QQOMe (Scheme 4.2.4). Complete 
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transfer hydrogenation is observed within 17 hours in d3-ACN. No reaction is observed when the 
benzyl alcohol is irradiated in the absence of QQOMe. Additionally, since QQOMe is only a weak 
oxidant (E1/2 = –0.84 V vs. Fc/Fc+), when QQOMe and the benzyl alcohol are reacted in the dark, 
no reaction occurs. This is characteristic of photooxidants, which are much more potent in their 
excited states.13 In an effort to achieve catalytic turnover for dehydrogenation, multiple terminal 
oxidants were screened including cerium(IV) salts, IBX, FeCl3, hydrogen peroxide, and molecular 
oxygen. All of these oxidants were either strong enough to oxidize alcohols even in the absence 
of QQOMe, or they exhibited no impact on turnover. 
 We sought to explore other substrates to test the scope of this reaction and possibly use these 
results to develop an understanding of the mechanism (Scheme 4.2.4). To this end, we 
methylated the hydroxyl group of the 3,4-dimethoxybenzyl alcohol. We expected this reaction to 
result in no conversion. However, we did see some formation of the benzaldehyde product at 
27% conversion. This is actually analogous to a reaction known for DDQ (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone) which was capable of converting activated benzyl methyl ethers into 
the corresponding aldehydes.7c In addition, we attempted the oxidation of a secondary benzyl 
alcohol. The reaction of secondary benzyl alcohols resulted in reduced conversion, 45% versus 
>95% for the primary benzyl alcohol, under the same reaction conditions. This result was 
expected for a more sterically hindered substrate. 
4.2.3. Attempted syntheses of lanthanide quinoline quinone model complexes 
 No PQQ surrogate has been successfully crystallographically characterized coordinated to a 
calcium or lanthanide ion. The only examples of the parent PQQ or a surrogate being coordinated 
to a metal involve either sodium,14 potassium,15 copper,16 or ruthenium,17 none of which are 
relevant to the biological enzyme active site. To contribute to the literature, we sought to 
coordinate one of our PQQ surrogates to a biologically relevant calcium cation or lanthanide 
cation. During the screening of a large combination of solvent and metal starting materials for the 
purpose of synthesizing and crystallizing a 1:1 complex of a PQQ surrogate to a metal cation, we 
obtained one incomplete structure (Figure 4.2.7). This crystal was obtained from the slow 
222 
   
evaporation of a solution of QQH and Ce(OTf)3 in THF, performed in a nitrogen glovebox. Other 
crystallization attempts used different cerium starting materials: Ce(OTf)3, CeCl3, Ce(NO3)3(H2O)6, 
Ce(NO3)3(DMSO)4, Ce(NO3)3(bipyridine)2, different solvents: water, acetonitrile, THF, and DME, 
and crystallizations at room temperature and –35 oC. 
 
Figure 4.2.7. Structure of Ce(QQH′)(OTf)3(THF)2. Trifluoromethanesulfonate ligands have been 
truncated for clarity, where O(4), O(6), O(8) represent these ligands. 
 The isolated structure showed the insertion of what appeared to be a THF molecule into the 
QQH fragment coordinated to the cerium cation. This unexpected reactivity seems to support the 
hypothesis that the resulting complexes between these quinoline quinones and Lewis acidic 
metal centers produce highly reactive complexes. The Ce–THF bond lengths were determined to 
be 2.539(3) Å for Ce(1)–O(5) and 2.490(3) Å for Ce(1)–O(7). The Ce–OTf bond lengths ranged 
from 2.464(4)–2.497(9) Å. The bond between C(1)–O(1) is 1.411(4) Å, which is consistent with a 
single bond and is ~0.21 Å longer than the related bond in the crystal structure of the neutral 
QQOMe, which is 1.2054(15) Å. In addition, C(1) is now significantly pyramidalized in comparison 
to the neutral QQOMe structure. These observations are consistent with the reduction of the C(1)–
O(1) bond from a double to a single bond by the nucleophilic addition of a THF molecule. The 
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Ce(1)–O(1) has a bond length of 2.537(3) Å, which is consistent with a protonated alcohol 
coordinating to a cerium(III) ion. Ethanol, when coordinated to a cerium(III) ion, has been 
measured with Ce–O bonds of 2.505 (avg. of 8 coordinated ethanol molecules)18 and 2.501(7) 
Å.19 The bond between Ce(1)–O(1) is therefore consistent with a CeIII cation coordinated by a 
neutral alcohol donor.  
 
4.3 Conclusions 
In conclusion, we have shown that a PQQ surrogate, QQOMe, is a competent catalyst in the 
dehydrogenative dimerization of benzylamine and related compounds in moderate to excellent 
yields. Secondary amines and other β,γ–unsaturated amines were found to be unreactive in the 
current catalytic cycle. Two possible mechanisms were then explored through computational and 
experimental characterization. The experimental data suggest that the QQOMe compound 
proceeds through an addition-elimination mechanism to complete the catalytic cycle, generating 
the reduced catechol compound QCOMe. The catechol also demonstrated catalytic reactivity under 
the reaction conditions.  
We also found that when irradiated, QQOMe is capable of stoichiometric dehydrogenation of 
benzyl alcohols and benzyl methyl alcohols to the corresponding benzaldehydes and ketones, 
respectively. Attempts to develop this reactivity into a catalytic cycle were unsuccessful. Further 
exploration into terminal oxidants will be necessary to complete the cycle. An oxidant capable of 
regenerating the quinone from the catechol while leaving the alcohol substrate untouched is the 
goal of this chemistry moving forward. 
 
4.4 Experimental Procedures 
 General Methods. Glassware was oven-dried overnight at 150 °C prior to use. 1H NMR were 
obtained on a Bruker DMX-300 Fourier transform NMR spectrometer at 300 MHz. 13C NMR were 
obtained on a Bruker DMX-300 Fourier transform NMR spectrometer at 90 MHz and a BioDRX-
500 Fourier transform NMR spectrometer at 125 MHz. Chemical shifts were recorded in units of 
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parts per million downfield from TMS at 0ppm, using residual proteo solvent peaks (1H) and 
solvent carbon peaks (13C) for reference. HRMS was obtained on Waters LC-TOF mass 
spectrometer (model LCT-XE Premier) using electrospray ionization in positive mode. The 
sample was prepared in 50% methanol and 50% acetonitrile and introduced using flow injection 
through a Waters Alliance separation module 2695 into a mobile phase of 100% methanol (flow 
rate of 0.2 mL/minute). Leucine Enkephalin was used as an internal reference (2 ng/uL in 1:1 V/V 
acetonitrile/water mixed in equal parts with 1% acetic acid in 1:1 V/V acetonitrile/water) and 
introduced by infusion. The LCT mass spectrometer was tuned and calibrated in the appropriate 
mode. Standard settings were used for all other parameters including drying gas, nebulizer flow, 
cone voltage, etc. The dry gas temperature was set at the default value of 300 degrees Celsius. 
Data analysis was performed using the automated Waters software with the results reported as 
follows: Molecular ion (MH+), mass found (---), and mass calculated (---) from the molecular ion 
formula. The solvents used were all Optima grade from Fisher and the internal reference was a 
MS Leucine Enkephalin Kit from Waters. UV-Vis data were collected on a Cary 5000 
spectrometer in toluene in 1 mm path length quartz cuvettes. 
 Materials. All amines and alcohols were purchased from Acros Organics and Sigma Aldrich, 
and were used as received. 4-nitrobenzylamine was prepared by neutralization of the 
commercially available 4-nitrobenzylamine hydrochloride salt. Deuterated acetonitrile was 
purchased from Cambridge Isotope Laboratories, Inc.  
 General procedure for dehydrogenation of amines.  
 
 
A 10 mL scintillation vial equipped with a magnetic stir bar was charged with 0.5 mL d3-
acetonitrile, 1,3,5-trimethoxybenzene (55.1 mg, 0.328 mmol, 1.0 eq), QQOMe (10.0 mg, 0.0328 
mmol, 0.1 eq), and substrate amine (0.328 mmol, 1.0 eq). The scintillation vials were then placed 
under an O2 atmosphere and reacted for 17 h at room temperature. The reactions were then 
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filtered and the yield of dehydrogenated dimerized product determined through integration against 
the internal standard 1,3,5-trimethoxybenzene. 
 
N-Benzylidene-1-phenylmethanamine20 (2a, 89%); yield was determined by 1H NMR (300 
MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 8.459 (s, 1H), 
7.802 (m, 2H), 7.468 (overlap, 3H), 7.379 (doublet, J = 4.5 Hz, 4H), 7.292 (m, 1 H), 4.790 (d, J = 
1.3 Hz, 2H). 
 
Figure 4.4.1. 1H NMR of crude reaction mixture to form 2a.  
N-(4-dimethylaminobenzylidene)-1-(4-dimethylaminophenyl)methanamine (2b, 56%); yield 
was determined by 1H NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR 
(300 MHz, CD3CN) δ 8.246 (s, 1H), 7.589 (d, J = 8.7 Hz, 2H), 7.153 (d, J = 8.4 Hz, 2H), 6.730 (d, 
J = 9.0 Hz, 4H), 4.578 (s, 2H), 2.978 (s, 6H), 2.890 (s, 6H). 
 
Figure 4.4.2. 1H NMR of crude reaction mixture to form 2b. 
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N-(4-bromobenzylidene)-1-(4-bromophenyl)methanamine21 (2c, 96%); yield was determined 
by 1H NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) 
δ 8.409 (s, 1H), 7.680 (d, J = 8.4 Hz, 2H), 7.600 (d, J = 8.4 Hz, 2H), 7.492 (d, J = 8.4 Hz, 2H), 
7.261 (d, J = 8.4 Hz, 2H), 4.702 (s, 2H). 
 
Figure 4.4.3. 1H NMR of crude reaction mixture to form 2c. 
N-(4-nitrobenzylidene)-1-(4-nitrophenyl)methanamine7b (2d, trace); yield was determined by 
1H NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 
 
Figure 4.4.4. 1H NMR of crude reaction mixture to form 2d. 
N-(4-Methylbenzylidene)-1-(p-tolyl)methanamine20 (2e, 69%); yield was determined by 1H 
NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 
8.402 (s, 1H), 7.661 (d, J = 2.1 Hz, 2H), 7.283–7.156 (overlap, 6H), 4.716 (s, 2H), 2.336 (s, 3H), 
2.321 (s, 3H). 
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Figure 4.4.5. 1H NMR of crude reaction mixture to form 2e. 
N-(4-cyanobenzylidene)-1-(4-cyanophenyl)methanamine22 (2f, 42%); yield was determined by 
1H NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 
 
Figure 4.4.6. 1H NMR of crude reaction mixture to form 2f. 
N-(4-fluorobenzylidene)-1-(4-fluorophenyl)methanamine23 (2g, 82%); yield was determined by 
1H NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 
8.427 (s, 1H), 7.820 (dd, J = 8.4, 5.7 Hz, 2H), 7.375 (dd, J = 8.4, 5.7 Hz, 2H), 7.194 (dd, J = 8.4, 
8.4 Hz, 2H), 7.104 (dd, J = 8.4, 8.4 Hz, 2H), 4.746 (s, 2H). 
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Figure 4.4.7. 1H NMR of crude reaction mixture to form 2g. 
N-(4-tert-butylbenzylidene)-1-(4-tert-butylphenyl)methanamine23 (2h, 76%); yield was 
determined by 1H NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 
MHz, CD3CN) δ 8.425 (s, 1H), 7.715 (d, J = 8.4 Hz, 2H), 7.501 (d, J = 8.4 Hz, 2H), 7.394 (t, J = 
8.7, 8.7 Hz, 2H), 7.267 (dd, J = 8.7, 8.7 Hz, 2H), 4.734 (s, 2H), 1.343 (s, 9H), 1.324 (s, 9H). 
 
Figure 4.4.8. 1H NMR of crude reaction mixture to form 2h. 
N-(2-furanylmethylene)-2-furanylmethanamine8d (2i, 54%); yield was determined by 1H NMR 
(300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 8.194 (s, 
1H), 7.634 (s, 1H), 7.472 (s, 1H), 6.876 (d, J = 3.6 Hz, 1H), 6.565 (dd, J = 3.3, 1.5 Hz, 1H), 6.351 
(ddd, J = 8.7, 8.7, 3.0 Hz, 2H), 4.695 (s, 2H).  
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Figure 4.4.9. 1H NMR of crude reaction mixture to form 2i. 
N-(2-thiophenylmethylene)-2-thiophenylmethanamine23 (2j, 45%); yield was determined by 1H 
NMR (300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 
8.520 (d, J = 1.2 Hz, 1H), 7.529 (d, J = 5.1 Hz, 1H), 7.432 (d, J = 2.4 Hz, 1H), 7.324 (m, 1H), 
7.252 (dd, J = 4.8, 1.5 Hz, 2H), 7.139 (dd, J = 5.1, 3.6 Hz, 1H), 4.899 (d, J = 1.2 Hz, 2H). 
 
Figure 4.4.10. 1H NMR of crude reaction mixture to form 2j. 
N-(2-pyridylmethylene)-2-pyridylmethanamine24 (2k, 53%); yield was determined by 1H NMR 
(300 MHz, CD3CN) spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 8.656 (d, 
J = 3.9 Hz, 1H), 8.547 (s, 2H), 8.043 (d, J = 8.1 Hz, 1H), 7.829 (td, J = 7.5, 1.5 Hz, 1H), 7.759 (td, 
J = 7.8, 1.8 Hz, 1H), 7.449 (d, J = 8.1 Hz, 1H), 7.262 (dd, J = 6.9, 4.8 Hz, 1H), 4.956 (d, J = 0.9 
Hz, 2H). 
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Figure 4.4.11. 1H NMR of crude reaction mixture to form 2k. 




A 150 mL round bottom flask equipped with a stir bar was charged with QQOMe (100.0 mg, 0.328 
mmol, 1.0 eq), 25 mL THF, and 25 mL of water. To this stirring solution was added solid Na2S2O4 
(114.1 mg, 0.655 mmol, 2.0 eq). The solution was stirred for 2 h at room temperature. The 
reaction mixture was diluted with 50 mL Et2O and 50 mL H2O, separated, and further extracted 
with Et2O. The combined organic layers were evaporated to dryness under reduced pressure, 
resulting in a pure, solid, orange powder of QCOMe, yield 82.2 mg, 0.268, 81.5%. 1H NMR (300 
MHz, CD3CN) δ 7.767 (s, 1H), 6.641 (s, 1H), 3.975 (s, 3H), 3.933 (s, 3H), 3.841 (s, 3H). ESI-MS 
m/z: calcd. for [C14H14NO7]+: 308.0765; found, 308.0765. 
231 
   
 
Figure 4.4.12. 1H NMR of QCOMe. 
 
 General procedure for dehydrogenation of alcohols.  
 
 
A 50 mL screwcap bomb equipped with a magnetic stir bar was charged with 0.7 mL d3-
acetonitrile, 1,3,5-trimethylbenzene, QQOMe (10.0 mg, 0.033 mmol, 1.0 eq), and substrate alcohol 
(0.033 mmol, 1.0 eq). The screwcap bombs were then irradiated by and reacted for 17 h at room 
temperature. The reactions were then filtered and the yield of dehydrogenated product 
determined through integration against the internal standard 1,3,5-trimethylbenzene. 
4-methoxybenzaldehyde (>95%); yield was determined by 1H NMR (300 MHz, CD3CN) 
spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 9.886 (s, 1H), 7.872 (d, J = 
8.7 Hz, 2H), 7.098 (d, J = 8.7 Hz, 2H), 3.902 (s, 3H). 
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Figure 4.4.13. 1H NMR of crude reaction mixture to form 4-methoxybenzaldehyde from 4-
methoxybenzyl alcohol. 
3,4-dimethoxybenzaldehyde (>95%); yield was determined by 1H NMR (300 MHz, CD3CN) 
spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 9.830 (s, 1H), 7.504 (dd, J = 
8.1, 1.8 Hz, 1H), 7.397 (d, J = 1.8 Hz, 1H), 7.089 (d, J = 8.1 Hz, 1H), 3.897 (s, 3H), 3.888 (s, 3H). 
 
Figure 4.4.14. 1H NMR of crude reaction mixture to form 3,4-dimethoxybenzaldehyde from 3,4-
dimethoxybenzyl alcohol. 
3,4-dimethoxybenzaldehyde (27%); yield was determined by 1H NMR (300 MHz, CD3CN) 
spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN) δ 9.830 (s, 1H), 7.504 (dd, J = 
8.1, 1.8 Hz, 1H), 7.397 (d, J = 1.8 Hz, 1H), 7.089 (d, J = 8.1 Hz, 1H), 3.897 (s, 3H), 3.888 (s, 3H). 
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Figure 4.4.15. 1H NMR of crude reaction mixture to form 3,4-dimethoxybenzaldehyde from 3,4-
methoxybenzyl methylester. 
3,4-dimethoxyacetophenone (45%); yield was determined by 1H NMR (300 MHz, CD3CN) 
spectroscopy from the crude mixture. 1H NMR (300 MHz, CD3CN): δ 6.973 (d, J = 5.1 Hz, 1H), 
6.898 (d, J = 5.1 Hz, 2H), 3.622 (s, 3H), 3.601 (s, 3H), 2.543 (s, 3H). 
 
Figure 4.4.16. 1H NMR of crude reaction mixture to form 3,4-dimethoxyacetophenone. 
 
Computational Details. All calculations were performed with Gaussian ′09 Revision D.01,25 with 
the B3LYP hybrid DFT method. The 6-31 G* basis set was applied to all atoms. No other 
restrictions were placed on the systems besides the spin. Frequency calculations of all 
intermediate calculated compounds found no negative frequencies, indicating that the optimized 
structures found were at an energy minimum. Frequency calculations of all transition state 
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calculated compounds found exactly one negative frequency, indicating that the optimized 
structures found were at a saddle point. The geometry optimizations and frequency calculations 
were performed with the conductor-like polarizable continuum model (CPCM)26 with the 
Gaussian-defined solvent parameters for acetonitrile.  
 
Computed Coordinates of Compounds 
Details of Compounds Used in Mechanistic Energy Scheme 
 
Figure 4.4.17. Full detailed mechanisms used to produce the energy diagram in Figure 3c. 
Table 4.4.1. Optimized coordinates of 1. 
Sum of electronic and thermal Free Energies = –1121.235694 
6        0.725166000     -0.211508000      0.067452000 
6       -0.001668000     -1.420067000     -0.030506000 
6        0.727506000     -2.733151000     -0.115727000 
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6        2.273426000     -2.702811000     -0.072365000 
6        2.916486000     -1.414617000      0.043578000 
6        2.204038000     -0.253130000      0.113933000 
6       -0.017027000      0.981640000      0.129623000 
6       -1.409947000      0.901265000      0.112369000 
6       -2.024563000     -0.350092000      0.014598000 
7       -1.331522000     -1.489627000     -0.060192000 
8        0.144830000     -3.793601000     -0.217166000 
8        2.881405000     -3.767260000     -0.133432000 
6        0.570495000      2.368517000      0.259528000 
6       -3.525555000     -0.498078000     -0.015057000 
8        0.883253000      2.873186000     -0.935945000 
8        0.640710000      2.961223000      1.314839000 
6        1.394364000      4.226594000     -0.934313000 
8       -4.135288000      0.690939000      0.100942000 
8       -4.103429000     -1.558735000     -0.128003000 
6       -5.578093000      0.665515000      0.090057000 
1        3.998696000     -1.416428000      0.079565000 
1       -2.012469000      1.799243000      0.170354000 
1        1.575154000      4.466473000     -1.980864000 
1        0.656947000      4.906914000     -0.503337000 
1        2.322479000      4.277106000     -0.361030000 
1       -5.940662000      0.246310000     -0.851085000 
1       -5.950027000      0.068381000      0.925588000 
1       -5.886302000      1.704858000      0.192701000 
8        2.743471000      0.960731000      0.240368000 
6        4.172976000      1.102474000      0.309146000 
1        4.566602000      0.560639000      1.173680000 
1        4.634079000      0.736118000     -0.612286000 
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1        4.350917000      2.170611000      0.421355000 
Table 4.4.2. Optimized coordinates of 2. 
Sum of electronic and thermal Free Energies = –326.797972 
6        0.453000000     -0.000119000     -0.317794000 
6       -0.251895000      1.204736000     -0.182177000 
6       -0.252073000     -1.204841000     -0.182034000 
6       -1.622125000      1.207802000      0.087631000 
6       -1.622316000     -1.207668000      0.087777000 
6       -2.311653000      0.000122000      0.224434000 
1        0.277593000      2.149068000     -0.293560000 
1        0.277263000     -2.149272000     -0.293295000 
1       -2.152160000      2.151789000      0.185305000 
1       -2.152480000     -2.151572000      0.185561000 
1       -3.378637000      0.000227000      0.430584000 
6        1.953367000     -0.000233000     -0.555971000 
1        2.233279000     -0.881657000     -1.144599000 
1        2.233333000      0.880800000     -1.145162000 
7        2.788376000      0.000154000      0.663117000 
1        2.532621000     -0.808382000      1.231366000 
1        2.532723000      0.809132000      1.230786000 
Table S1. Optimized coordinates of 3. 
Sum of electronic and thermal Free Energies = –1448.015497 
6       -1.215927000     -0.677006000      0.239048000 
6       -0.287690000      0.093409000      0.973323000 
6        0.827715000     -0.573952000      1.769286000 
6        0.628937000     -2.098437000      1.944217000 
6       -0.190538000     -2.816307000      1.001844000 
6       -1.052642000     -2.145529000      0.182711000 
6       -2.244056000      0.011054000     -0.431656000 
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6       -2.254301000      1.405178000     -0.389991000 
6       -1.269503000      2.067464000      0.343183000 
7       -0.310452000      1.421680000      1.018986000 
8        0.865068000     -0.011347000      3.062004000 
8        1.257126000     -2.641800000      2.859955000 
6       -3.365600000     -0.640184000     -1.203243000 
6       -1.219271000      3.571562000      0.427882000 
8       -4.236212000     -1.234335000     -0.381244000 
8       -3.496040000     -0.537000000     -2.405074000 
6       -5.377618000     -1.854541000     -1.014934000 
8       -2.224407000      4.136112000     -0.260308000 
8       -0.375577000      4.194076000      1.039240000 
6       -2.266067000      5.577795000     -0.247262000 
1       -0.133499000     -3.897760000      1.011057000 
1       -3.021203000      1.964369000     -0.910906000 
1       -5.969094000     -2.269246000     -0.200116000 
1       -5.952796000     -1.110029000     -1.569460000 
1       -5.047431000     -2.644954000     -1.692559000 
1       -2.379342000      5.942770000      0.776048000 
1       -1.351050000      5.985860000     -0.682521000 
1       -3.132132000      5.847922000     -0.849732000 
8       -1.832031000     -2.719231000     -0.735946000 
6       -1.778246000     -4.144214000     -0.921111000 
1       -0.763408000     -4.453268000     -1.187322000 
1       -2.106274000     -4.658968000     -0.013595000 
1       -2.463191000     -4.354081000     -1.741055000 
7        2.127870000     -0.319867000      1.119200000 
1        2.836227000     -0.795751000      1.679938000 
6        2.303457000     -0.689469000     -0.296421000 
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1        1.527605000     -0.172022000     -0.873009000 
1        2.179348000     -1.765933000     -0.490714000 
6        3.670934000     -0.250778000     -0.781796000 
6        4.050404000      1.098119000     -0.712782000 
6        4.575594000     -1.179247000     -1.308346000 
6        5.304309000      1.507519000     -1.165373000 
6        5.833256000     -0.772328000     -1.764289000 
6        6.200552000      0.572152000     -1.693667000 
1        3.356922000      1.823427000     -0.295754000 
1        4.294998000     -2.228720000     -1.362414000 
1        5.583507000      2.556397000     -1.108111000 
1        6.524016000     -1.506695000     -2.170120000 
1        7.177694000      0.891194000     -2.046303000 
1        1.211568000     -0.732567000      3.626583000 
Table 4.4.3. Optimized coordinates of 3t19. 
Sum of electronic and thermal Free Energies = – 1447.475990 
6        1.211856000     -0.755026000     -0.156182000 
6        0.461356000      0.365225000     -0.640278000 
6       -0.923008000      0.214144000     -1.273668000 
6       -1.271821000     -1.219114000     -1.548085000 
6       -0.589369000     -2.249449000     -0.854437000 
6        0.621546000     -2.058908000     -0.215709000 
6        2.507741000     -0.462597000      0.350233000 
6        2.920082000      0.861302000      0.452364000 
6        2.092025000      1.883118000     -0.027150000 
7        0.896563000      1.612874000     -0.592510000 
7       -1.963784000      0.450419000     -0.285413000 
8       -2.408438000     -1.450265000     -2.167743000 
6        3.508031000     -1.501043000      0.768769000 
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6        2.475398000      3.317900000      0.032384000 
8        3.941561000     -2.220653000     -0.278915000 
8        3.949989000     -1.609010000      1.897335000 
6        4.908593000     -3.245062000      0.023016000 
8        3.684241000      3.492148000      0.616716000 
8        1.801404000      4.243410000     -0.387352000 
6        4.138987000      4.852170000      0.716069000 
1       -1.027470000     -3.239949000     -0.920560000 
1        3.892082000      1.097615000      0.868476000 
1        5.142536000     -3.715010000     -0.931801000 
1        5.806842000     -2.806347000      0.464034000 
1        4.482228000     -3.976009000      0.714514000 
1        4.235317000      5.298485000     -0.277047000 
1        3.442801000      5.447254000      1.312705000 
1        5.111281000      4.800113000      1.205651000 
8        1.335953000     -3.049831000      0.414617000 
6        0.809736000     -4.369678000      0.401564000 
1       -0.174467000     -4.412821000      0.885617000 
1        0.724328000     -4.757945000     -0.621224000 
1        1.517681000     -4.980818000      0.963722000 
6       -3.227832000      0.485458000     -0.800443000 
1       -3.407888000      1.116232000     -1.686072000 
1       -3.175485000     -0.682601000     -1.564983000 
6       -4.372981000      0.428011000      0.141148000 
6       -4.234170000     -0.085757000      1.444387000 
6       -5.649726000      0.861940000     -0.262866000 
6       -5.327386000     -0.160377000      2.306599000 
6       -6.744458000      0.785181000      0.598051000 
6       -6.590872000      0.273378000      1.890580000 
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1       -3.251502000     -0.419799000      1.762838000 
1       -5.779037000      1.266020000     -1.265478000 
1       -5.194679000     -0.559272000      3.309940000 
1       -7.719531000      1.129698000      0.261368000 
1       -7.442418000      0.213768000      2.563333000 
8       -0.986539000      1.035547000     -2.447766000 
1       -0.599809000      1.882686000     -2.152785000 
Table 4.4.4. Optimized coordinates of 19t4. 
Sum of electronic and thermal Free Energies = – 1447.953280 
6       -1.643406000     -0.696246000     -0.129850000 
6       -0.329505000     -0.183942000     -0.339583000 
6        0.778517000     -1.122337000     -0.450512000 
6        0.521195000     -2.591283000     -0.511004000 
6       -0.836533000     -3.033568000     -0.325332000 
6       -1.859738000     -2.148688000     -0.137825000 
6       -2.681797000      0.239707000      0.026010000 
6       -2.391423000      1.599346000     -0.076879000 
6       -1.071933000      1.994790000     -0.314236000 
7       -0.068986000      1.126354000     -0.437386000 
8        1.473702000     -3.361170000     -0.715203000 
6       -4.130916000     -0.111273000      0.271777000 
6       -0.685958000      3.446973000     -0.446189000 
8       -4.351081000     -0.367868000      1.564060000 
8       -4.983766000     -0.056294000     -0.588660000 
6       -5.720176000     -0.662833000      1.923176000 
8       -1.751997000      4.250566000     -0.314836000 
8        0.446180000      3.836409000     -0.644774000 
6       -1.493303000      5.665919000     -0.423758000 
1       -1.004566000     -4.102120000     -0.356077000 
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1       -3.174314000      2.340265000      0.024249000 
1       -5.706725000     -0.824022000      3.000001000 
1       -6.367667000      0.178172000      1.666391000 
1       -6.059106000     -1.561600000      1.403385000 
1       -0.790103000      5.981167000      0.350280000 
1       -1.083281000      5.898941000     -1.409010000 
1       -2.459810000      6.148159000     -0.285443000 
8       -3.143189000     -2.494528000      0.021529000 
6       -3.507285000     -3.883809000      0.000135000 
1       -3.243844000     -4.332372000     -0.962247000 
1       -3.013140000     -4.420160000      0.815555000 
1       -4.587170000     -3.902000000      0.138870000 
7        2.052285000     -0.818961000     -0.563779000 
6        2.758950000      0.454413000     -0.306462000 
1        2.123951000      1.066340000      0.329820000 
1        2.858640000      0.958129000     -1.269424000 
6        4.103639000      0.192878000      0.340707000 
6        4.326558000      0.609756000      1.659080000 
6        5.139784000     -0.441088000     -0.362928000 
6        5.567086000      0.405906000      2.268032000 
6        6.375641000     -0.651624000      0.250605000 
6        6.594089000     -0.226157000      1.564266000 
1        3.528744000      1.100820000      2.211106000 
1        4.948497000     -0.779800000     -1.377897000 
1        5.728187000      0.738087000      3.289971000 
1        7.172843000     -1.144481000     -0.299758000 
1        7.559435000     -0.387333000      2.036565000 
1        2.659844000     -1.627908000     -0.748231000 
8        3.018522000     -1.148123000     -2.520186000 
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1        2.478599000     -1.892999000     -2.840761000 
Table 4.4.5. Optimized coordinates of 4. 
Sum of electronic and thermal Free Energies = – 1371.612745 
6        1.609032000     -0.639379000      0.088135000 
6        0.261899000     -0.218230000     -0.039526000 
6       -0.842979000     -1.228568000     -0.149033000 
6       -0.448475000     -2.691755000     -0.224076000 
6        0.941825000     -3.027826000     -0.003349000 
6        1.905841000     -2.079250000      0.162446000 
6        2.603182000      0.355581000      0.156748000 
6        2.217130000      1.693801000      0.138169000 
6        0.859329000      2.000725000      0.018750000 
7       -0.089596000      1.068326000     -0.076164000 
7       -2.042849000     -0.785537000     -0.158345000 
8       -1.298635000     -3.561833000     -0.438844000 
6        4.086956000      0.095471000      0.263718000 
6        0.367618000      3.425855000     -0.022817000 
8        4.608125000     -0.223505000     -0.925109000 
8        4.721874000      0.265475000      1.283276000 
6        6.037559000     -0.436330000     -0.948677000 
8        1.381028000      4.298989000      0.092697000 
8       -0.797277000      3.743987000     -0.145082000 
6        1.017447000      5.694448000      0.063367000 
1        1.174111000     -4.085006000      0.023269000 
1        2.955970000      2.482648000      0.203166000 
1        6.276766000     -0.669944000     -1.985044000 
1        6.559329000      0.467297000     -0.626336000 
1        6.304892000     -1.269124000     -0.294552000 
1        0.535216000      5.938906000     -0.885822000 
243 
   
1        0.339975000      5.925430000      0.888500000 
1        1.953822000      6.240130000      0.170380000 
8        3.194392000     -2.338478000      0.411939000 
6        3.632243000     -3.701712000      0.526046000 
1        3.098792000     -4.206274000      1.336942000 
1        3.476578000     -4.232867000     -0.417519000 
1        4.695549000     -3.645508000      0.754147000 
6       -3.222331000     -1.617576000     -0.261162000 
1       -3.224429000     -2.110993000     -1.244670000 
1       -3.187111000     -2.449589000      0.454055000 
6       -4.502965000     -0.816936000     -0.083161000 
6       -4.541211000      0.575456000     -0.217740000 
6       -5.695493000     -1.500824000      0.191339000 
6       -5.747433000      1.268568000     -0.083610000 
6       -6.901676000     -0.811153000      0.323124000 
6       -6.931797000      0.579385000      0.185348000 
1       -3.618550000      1.111082000     -0.414916000 
1       -5.679391000     -2.583154000      0.304644000 
1       -5.759987000      2.350563000     -0.188732000 
1       -7.815822000     -1.358406000      0.538362000 
1       -7.868846000      1.119703000      0.290430000 
Table 4.4.6. Optimized coordinates of 8 (H2O). 
Sum of electronic and thermal Free Energies = – 76.412766 
8        0.000000000      0.000000000      0.120768000 
1        0.000000000      0.758799000     -0.483073000 
1        0.000000000     -0.758799000     -0.483073000 
Table 4.4.7. Optimized coordinates of 4t5. 
Sum of electronic and thermal Free Energies = – 1371.582236 
6        1.525731000     -0.680021000      0.056993000 
244 
   
6        0.272358000     -0.039070000     -0.165782000 
6       -0.934380000     -0.837111000     -0.376007000 
6       -0.820992000     -2.286768000     -0.331988000 
6        0.412227000     -2.877567000      0.079566000 
6        1.549856000     -2.124243000      0.227608000 
6        2.672042000      0.140730000      0.142844000 
6        2.518249000      1.518939000      0.085998000 
6        1.231899000      2.049851000     -0.098047000 
7        0.146413000      1.297027000     -0.246882000 
7       -2.126149000     -0.260775000     -0.286021000 
8       -1.866303000     -3.021319000     -0.491640000 
6        4.083123000     -0.370789000      0.294525000 
6        0.997225000      3.538993000     -0.157632000 
8        4.534054000     -0.888850000     -0.853063000 
8        4.742702000     -0.231226000      1.303575000 
6        5.892116000     -1.380762000     -0.830537000 
8        2.141506000      4.224230000      0.003153000 
8       -0.087840000      4.056371000     -0.325720000 
6        2.025619000      5.661138000     -0.030388000 
1        0.418343000     -3.951472000      0.213046000 
1        3.376012000      2.174444000      0.165413000 
1        6.081413000     -1.750789000     -1.837150000 
1        6.583815000     -0.573466000     -0.580313000 
1        5.987551000     -2.187216000     -0.099951000 
1        1.627703000      5.986171000     -0.994411000 
1        1.368503000      6.005769000      0.771367000 
1        3.037540000      6.037055000      0.114023000 
8        2.751126000     -2.623215000      0.558853000 
6        2.891219000     -4.033950000      0.778328000 
245 
   
1        2.247490000     -4.360395000      1.600982000 
1        2.650513000     -4.591160000     -0.132262000 
1        3.937358000     -4.183795000      1.041957000 
6       -3.253052000     -0.954764000     -0.654987000 
1       -3.260991000     -1.333186000     -1.687400000 
1       -2.868715000     -2.178109000     -0.328574000 
6       -4.568389000     -0.436879000     -0.205541000 
6       -4.687081000      0.391925000      0.922512000 
6       -5.734799000     -0.809383000     -0.894843000 
6       -5.936921000      0.849654000      1.336786000 
6       -6.985757000     -0.357490000     -0.475604000 
6       -7.091582000      0.476189000      0.641197000 
1       -3.789947000      0.675889000      1.464553000 
1       -5.657342000     -1.454755000     -1.767303000 
1       -6.012665000      1.494789000      2.208220000 
1       -7.877245000     -0.652118000     -1.022762000 
1       -8.065396000      0.828916000      0.969607000 
Table 4.4.8. Optimized coordinates of 5. 
Sum of electronic and thermal Free Energies = – 1371.628179 
6        1.623184000     -0.653761000      0.168927000 
6        0.263519000     -0.185322000      0.166746000 
6       -0.837956000     -1.107316000      0.192468000 
6       -0.540176000     -2.469406000      0.265847000 
6        0.794854000     -2.936551000      0.316393000 
6        1.859746000     -2.061785000      0.270164000 
6        2.651770000      0.321564000      0.091439000 
6        2.316465000      1.660948000      0.065375000 
6        0.950087000      2.017483000      0.086535000 
7       -0.035207000      1.138217000      0.120099000 
246 
   
7       -2.133001000     -0.582961000      0.282349000 
8       -1.569609000     -3.358328000      0.332996000 
6        4.122774000     -0.007811000      0.043433000 
6        0.521467000      3.464003000      0.060157000 
8        4.497683000     -0.370249000     -1.189810000 
8        4.877356000      0.133412000      0.983800000 
6        5.896839000     -0.686291000     -1.353090000 
8        1.580804000      4.291925000      0.016487000 
8       -0.632100000      3.843152000      0.076259000 
6        1.278000000      5.700556000     -0.012314000 
1        0.961702000     -4.005124000      0.394352000 
1        3.080720000      2.425950000      0.016211000 
1        6.014190000     -0.944944000     -2.404618000 
1        6.514546000      0.177730000     -1.098229000 
1        6.167709000     -1.532059000     -0.716857000 
1        0.686775000      5.942936000     -0.898503000 
1        0.724747000      5.987722000      0.884913000 
1        2.243017000      6.204672000     -0.045483000 
8        3.158990000     -2.439660000      0.328832000 
6        3.471736000     -3.830511000      0.434646000 
1        3.049783000     -4.258021000      1.350927000 
1        3.102772000     -4.382100000     -0.437011000 
1        4.559611000     -3.885080000      0.471189000 
1       -1.219837000     -4.250636000      0.490393000 
6       -3.105439000     -1.088764000     -0.385735000 
1       -2.962800000     -1.907378000     -1.099571000 
6       -4.482705000     -0.594186000     -0.259253000 
6       -4.818616000      0.454813000      0.616284000 
6       -5.493045000     -1.184144000     -1.036497000 
247 
   
6       -6.133777000      0.899012000      0.707361000 
6       -6.811711000     -0.738556000     -0.943145000 
6       -7.134658000      0.303474000     -0.071102000 
1       -4.034494000      0.908455000      1.214049000 
1       -5.239713000     -1.995257000     -1.715218000 
1       -6.384825000      1.710269000      1.385232000 
1       -7.584660000     -1.202991000     -1.548968000 
1       -8.160916000      0.652359000      0.003710000 
Table 4.4.9. Optimized coordinates of 6. 
Sum of electronic and thermal Free Energies = – 1698.410975 
6       -2.573904000     -1.122404000     -0.169486000 
6       -1.449096000     -0.239029000     -0.327107000 
6       -0.102740000     -0.716715000     -0.222426000 
6        0.077849000     -2.076217000      0.012179000 
6       -1.017696000     -2.951284000      0.189282000 
6       -2.320840000     -2.500000000      0.100023000 
6       -3.866370000     -0.548499000     -0.304445000 
6       -3.989992000      0.796615000     -0.592263000 
6       -2.819109000      1.578131000     -0.724798000 
7       -1.602108000      1.082495000     -0.593040000 
7        0.957345000      0.168194000     -0.449942000 
8        1.361437000     -2.547945000      0.051558000 
6       -5.144327000     -1.340719000     -0.182494000 
6       -2.886224000      3.052677000     -1.026074000 
8       -5.530801000     -1.442590000      1.095190000 
8       -5.777227000     -1.750989000     -1.133497000 
6       -6.756406000     -2.170708000      1.324383000 
8       -4.157670000      3.475986000     -1.139753000 
8       -1.918106000      3.775094000     -1.153797000 
248 
   
6       -4.330923000      4.876655000     -1.431714000 
1       -0.810084000     -3.998816000      0.378364000 
1       -4.964105000      1.254109000     -0.709130000 
1       -6.913829000     -2.140191000      2.401724000 
1       -7.587121000     -1.692768000      0.800464000 
1       -6.649849000     -3.202244000      0.980817000 
1       -3.899281000      5.486044000     -0.634272000 
1       -3.853334000      5.127548000     -2.381701000 
1       -5.407666000      5.029952000     -1.491280000 
8       -3.418266000     -3.291179000      0.239853000 
6       -3.233313000     -4.688546000      0.464007000 
1       -2.689094000     -5.152194000     -0.366779000 
1       -2.697309000     -4.869556000      1.402804000 
1       -4.235597000     -5.112636000      0.527390000 
1        1.356843000     -3.504311000      0.219377000 
6        2.203070000      1.658558000      1.054630000 
6        1.722836000      1.948349000      2.337932000 
6        2.729766000      2.699513000      0.276464000 
6        1.762864000      3.252506000      2.835787000 
6        2.768851000      4.004177000      0.771662000 
6        2.285066000      4.284711000      2.052553000 
1        1.316614000      1.147145000      2.951263000 
1        3.117897000      2.475340000     -0.712595000 
1        1.390418000      3.460821000      3.835269000 
1        3.180649000      4.801799000      0.158798000 
1        2.318778000      5.299816000      2.438941000 
1        0.582965000      1.085401000     -0.676379000 
6        2.091812000      0.246970000      0.494264000 
1        1.882076000     -0.435266000      1.332818000 
249 
   
7        3.309112000     -0.150687000     -0.221777000 
1        3.073337000     -1.010531000     -0.716158000 
6        4.440087000     -0.420431000      0.672133000 
1        4.673274000      0.513260000      1.202163000 
1        4.192935000     -1.161459000      1.454249000 
6        5.665632000     -0.890876000     -0.087272000 
6        6.038883000     -0.294329000     -1.300586000 
6        6.467951000     -1.917033000      0.428326000 
6        7.186545000     -0.711063000     -1.976925000 
6        7.620541000     -2.333108000     -0.243153000 
6        7.983768000     -1.731133000     -1.449613000 
1        5.416295000      0.493017000     -1.714456000 
1        6.186627000     -2.395969000      1.363753000 
1        7.459614000     -0.238337000     -2.917038000 
1        8.228918000     -3.131816000      0.173332000 
1        8.877142000     -2.055781000     -1.976460000 
Table 4.4.10. Optimized coordinates of 7. 
Sum of electronic and thermal Free Energies = – 1102.560827 
6        0.734470000      0.120560000     -0.074853000 
6        0.003747000      1.356927000      0.050131000 
6        0.683896000      2.607328000      0.147894000 
6        2.072112000      2.597827000      0.077275000 
6        2.799042000      1.399646000     -0.083611000 
6        2.155560000      0.176498000     -0.159609000 
6       -0.036635000     -1.072373000     -0.131958000 
6       -1.415185000     -0.996725000     -0.121506000 
6       -2.032813000      0.272995000     -0.024064000 
7       -1.352749000      1.401147000      0.070106000 
8        2.692516000      3.814958000      0.158745000 
250 
   
6        0.565477000     -2.452012000     -0.212429000 
6       -3.531640000      0.418745000     -0.018532000 
8        1.006947000     -2.858948000      0.984729000 
8        0.561417000     -3.134563000     -1.216711000 
6        1.590173000     -4.178572000      1.022897000 
8       -4.144159000     -0.777144000     -0.090418000 
8       -4.123319000      1.478204000      0.041243000 
6       -5.584742000     -0.747417000     -0.095279000 
1        3.879851000      1.459737000     -0.149021000 
1       -2.020819000     -1.892265000     -0.176148000 
1        1.880859000     -4.336707000      2.060686000 
1        0.859130000     -4.927627000      0.710289000 
1        2.463943000     -4.223078000      0.368514000 
1       -5.957849000     -0.287222000      0.822675000 
1       -5.949606000     -0.186052000     -0.958648000 
1       -5.896736000     -1.789299000     -0.155872000 
8        2.793049000     -1.015252000     -0.335695000 
6        4.214235000     -1.018887000     -0.453309000 
1        4.540776000     -0.427610000     -1.316942000 
1        4.687667000     -0.632491000      0.456892000 
1        4.496879000     -2.062066000     -0.597201000 
1        3.650222000      3.705407000      0.043237000 
7       -0.025406000      3.788822000      0.356152000 
1       -0.999863000      3.699051000      0.088065000 
1        0.414817000      4.605160000     -0.053754000 
Table 4.4.11. Optimized coordinates of 12. 
Sum of electronic and thermal Free Energies = – 595.875293 
6       -2.296554000     -0.328463000     -0.125311000 
6       -2.545366000      1.048958000     -0.257204000 
251 
   
6       -3.316140000     -1.163098000      0.357410000 
6       -3.786959000      1.574392000      0.087920000 
6       -4.561175000     -0.635592000      0.703163000 
6       -4.798717000      0.733857000      0.568957000 
1       -1.753754000      1.690488000     -0.631206000 
1       -3.129559000     -2.229516000      0.461214000 
1       -3.971147000      2.640159000     -0.016728000 
1       -5.342842000     -1.291588000      1.075842000 
1       -5.767072000      1.147337000      0.837138000 
6       -0.993662000     -0.918729000     -0.481438000 
7       -0.015636000     -0.232199000     -0.929212000 
1       -0.916420000     -2.007994000     -0.335797000 
6        1.221788000     -0.942486000     -1.245604000 
1        1.144201000     -2.023695000     -1.049028000 
1        1.399304000     -0.818754000     -2.323234000 
6        2.397166000     -0.362100000     -0.477753000 
6        3.110696000     -1.145289000      0.436174000 
6        2.784603000      0.971996000     -0.670279000 
6        4.195374000     -0.612815000      1.139773000 
6        3.863075000      1.508297000      0.033317000 
6        4.573718000      0.715768000      0.940672000 
1        2.818100000     -2.180260000      0.597972000 
1        2.233121000      1.591336000     -1.373117000 
1        4.740598000     -1.236371000      1.843439000 
1        4.152223000      2.543599000     -0.127791000 
1        5.415625000      1.132466000      1.487000000 
Table 4.4.12. Optimized coordinates of 17. 
Sum of electronic and thermal Free Energies = – 1101.354008 
6        0.720269000      0.204987000     -0.073495000 
252 
   
6        0.005006000      1.423844000      0.023437000 
6        0.752991000      2.710383000      0.106777000 
6        2.278506000      2.669969000      0.083934000 
6        2.920233000      1.385751000     -0.038808000 
6        2.196759000      0.231145000     -0.120576000 
6       -0.028625000     -0.984725000     -0.134196000 
6       -1.420112000     -0.901502000     -0.117620000 
6       -2.024137000      0.354347000     -0.021314000 
7       -1.326675000      1.490768000      0.051503000 
8        2.895555000      3.734428000      0.163140000 
6        0.552237000     -2.374630000     -0.254875000 
6       -3.524204000      0.511225000      0.011885000 
8        0.872904000     -2.869370000      0.943718000 
8        0.610392000     -2.981418000     -1.303210000 
6        1.379119000     -4.223981000      0.950513000 
8       -4.142478000     -0.675272000     -0.095081000 
8       -4.098033000      1.574786000      0.121174000 
6       -5.584481000     -0.640245000     -0.076549000 
1        4.002251000      1.381363000     -0.070969000 
1       -2.026536000     -1.796807000     -0.173269000 
1        1.569547000     -4.454525000      1.997537000 
1        0.635577000     -4.906498000      0.533593000 
1        2.301451000     -4.283982000      0.368734000 
1       -5.939683000     -0.212233000      0.863525000 
1       -5.957811000     -0.046515000     -0.913964000 
1       -5.900411000     -1.678200000     -0.170259000 
8        2.729134000     -0.985373000     -0.258740000 
6        4.157306000     -1.134549000     -0.329431000 
1        4.554568000     -0.585820000     -1.188019000 
253 
   
1        4.621689000     -0.781404000      0.595599000 
1        4.329497000     -2.202397000     -0.453562000 
7        0.142971000      3.828353000      0.197230000 
1        0.870795000      4.558813000      0.243828000 
Table 4.4.13. Optimized coordinates of 18. 
Sum of electronic and thermal Free Energies = – 1.176924 
1        0.000000000      0.000000000      0.371542000 
1        0.000000000      0.000000000     -0.371542000 
Table 4.4.14. Optimized coordinates of 13. 
Sum of electronic and thermal Free Energies = – 56.537497 
7        0.000000000      0.000000000      0.123630000 
1        0.000000000      0.933627000     -0.288470000 
1       -0.808545000     -0.466814000     -0.288470000 
1        0.808545000     -0.466814000     -0.288470000 
Table 4.4.15. Optimized coordinates of 3t9. 
Sum of electronic and thermal Free Energies = – 1447.475990 
6        1.211856000     -0.755026000     -0.156182000 
6        0.461356000      0.365225000     -0.640278000 
6       -0.923008000      0.214144000     -1.273668000 
6       -1.271821000     -1.219114000     -1.548085000 
6       -0.589369000     -2.249449000     -0.854437000 
6        0.621546000     -2.058908000     -0.215709000 
6        2.507741000     -0.462597000      0.350233000 
6        2.920082000      0.861302000      0.452364000 
6        2.092025000      1.883118000     -0.027150000 
7        0.896563000      1.612874000     -0.592510000 
7       -1.963784000      0.450419000     -0.285413000 
8       -2.408438000     -1.450265000     -2.167743000 
6        3.508031000     -1.501043000      0.768769000 
254 
   
6        2.475398000      3.317900000      0.032384000 
8        3.941561000     -2.220653000     -0.278915000 
8        3.949989000     -1.609010000      1.897335000 
6        4.908593000     -3.245062000      0.023016000 
8        3.684241000      3.492148000      0.616716000 
8        1.801404000      4.243410000     -0.387352000 
6        4.138987000      4.852170000      0.716069000 
1       -1.027470000     -3.239949000     -0.920560000 
1        3.892082000      1.097615000      0.868476000 
1        5.142536000     -3.715010000     -0.931801000 
1        5.806842000     -2.806347000      0.464034000 
1        4.482228000     -3.976009000      0.714514000 
1        4.235317000      5.298485000     -0.277047000 
1        3.442801000      5.447254000      1.312705000 
1        5.111281000      4.800113000      1.205651000 
8        1.335953000     -3.049831000      0.414617000 
6        0.809736000     -4.369678000      0.401564000 
1       -0.174467000     -4.412821000      0.885617000 
1        0.724328000     -4.757945000     -0.621224000 
1        1.517681000     -4.980818000      0.963722000 
6       -3.227832000      0.485458000     -0.800443000 
1       -3.407888000      1.116232000     -1.686072000 
1       -3.175485000     -0.682601000     -1.564983000 
6       -4.372981000      0.428011000      0.141148000 
6       -4.234170000     -0.085757000      1.444387000 
6       -5.649726000      0.861940000     -0.262866000 
6       -5.327386000     -0.160377000      2.306599000 
6       -6.744458000      0.785181000      0.598051000 
6       -6.590872000      0.273378000      1.890580000 
255 
   
1       -3.251502000     -0.419799000      1.762838000 
1       -5.779037000      1.266020000     -1.265478000 
1       -5.194679000     -0.559272000      3.309940000 
1       -7.719531000      1.129698000      0.261368000 
1       -7.442418000      0.213768000      2.563333000 
8       -0.986539000      1.035547000     -2.447766000 
1       -0.599809000      1.882686000     -2.152785000 
Table 4.4.16. Optimized coordinates of 9. 
Sum of electronic and thermal Free Energies = – 1122.431522 
6        0.729397000     -0.120121000      0.078657000 
6        0.023092000     -1.372856000     -0.027504000 
6        0.754321000     -2.589179000     -0.102781000 
6        2.138576000     -2.550167000     -0.064869000 
6        2.841414000     -1.332943000      0.053254000 
6        2.156994000     -0.133806000      0.129498000 
6       -0.063898000      1.057093000      0.142365000 
6       -1.440035000      0.952752000      0.128150000 
6       -2.029083000     -0.329443000      0.021896000 
7       -1.332709000     -1.447988000     -0.059191000 
8        0.082920000     -3.772537000     -0.205510000 
8        2.762954000     -3.764554000     -0.142568000 
6        0.509969000      2.447953000      0.247991000 
6       -3.527453000     -0.498370000     -0.012081000 
8        0.867804000      2.917843000     -0.953459000 
8        0.550067000      3.084235000      1.281016000 
6        1.410288000      4.255780000     -0.967028000 
8       -4.159447000      0.683721000      0.101790000 
8       -4.100804000     -1.562920000     -0.126437000 
6       -5.599471000      0.632672000      0.084225000 
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1        3.924409000     -1.360279000      0.087785000 
1       -2.064938000      1.834771000      0.185420000 
1        1.633194000      4.467075000     -2.012050000 
1        0.678190000      4.967153000     -0.578361000 
1        2.320082000      4.298892000     -0.363742000 
1       -5.952555000      0.204736000     -0.856920000 
1       -5.967327000      0.031377000      0.918941000 
1       -5.928029000      1.666535000      0.182593000 
8        2.756378000      1.078786000      0.266832000 
6        4.180688000      1.136130000      0.342311000 
1        4.552107000      0.572282000      1.205728000 
1        4.639272000      0.750973000     -0.575581000 
1        4.427907000      2.191269000      0.460201000 
1        0.752101000     -4.479140000     -0.239794000 
1        3.726783000     -3.659297000     -0.097698000 
Table 4.4.17. Optimized coordinates of 10. 
Sum of electronic and thermal Free Energies = – 325.608200 
6        0.000000000      0.563922000      0.000000000 
6        1.032651000     -0.389793000      0.000000000 
6       -1.333259000      0.127514000      0.000000000 
6        0.732892000     -1.748904000      0.000000000 
6       -1.633820000     -1.235346000      0.000000000 
6       -0.601056000     -2.175356000      0.000000000 
1        2.062915000     -0.047973000      0.000000000 
1       -2.136082000      0.861391000      0.000000000 
1        1.536564000     -2.480245000      0.000000000 
1       -2.669902000     -1.561916000      0.000000000 
1       -0.831710000     -3.237124000      0.000000000 
6        0.284176000      2.011690000      0.000000000 
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7        1.473966000      2.483658000      0.000000000 
1        1.440137000      3.506840000      0.000000000 
1       -0.609186000      2.651063000      0.000000000 
Table 4.4.18. Optimized coordinates of 11. 
Sum of electronic and thermal Free Energies = – 652.392438 
6        2.361105000      0.209272000     -0.194631000 
6        3.500202000      0.732083000      0.427274000 
6        2.325665000     -1.167516000     -0.469944000 
6        4.573476000     -0.095040000      0.775175000 
6        3.394868000     -1.994919000     -0.128598000 
6        4.525142000     -1.461169000      0.499066000 
1        3.558841000      1.794181000      0.644909000 
1        1.444944000     -1.585720000     -0.947324000 
1        5.445910000      0.333585000      1.261607000 
1        3.346699000     -3.057972000     -0.350924000 
1        5.358454000     -2.105076000      0.767432000 
6        1.177308000      1.096282000     -0.613875000 
1        1.149725000      1.119023000     -1.713075000 
7        1.247771000      2.505612000     -0.198818000 
1        2.027261000      2.971713000     -0.662026000 
1        1.431827000      2.566036000      0.803368000 
7       -0.062847000      0.450339000     -0.189403000 
1       -0.066537000      0.360746000      0.827061000 
6       -1.289964000      1.128770000     -0.627224000 
1       -1.235550000      1.206476000     -1.722589000 
1       -1.368925000      2.157416000     -0.247878000 
6       -2.522908000      0.342524000     -0.229426000 
6       -2.690222000     -0.987485000     -0.644462000 
6       -3.523617000      0.929617000      0.553851000 
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6       -3.830727000     -1.707798000     -0.289959000 
6       -4.669377000      0.212123000      0.911444000 
6       -4.825961000     -1.109059000      0.490004000 
1       -1.915610000     -1.455880000     -1.245771000 
1       -3.405310000      1.958469000      0.886769000 
1       -3.945961000     -2.736247000     -0.622751000 
1       -5.435315000      0.685502000      1.520291000 
1       -5.714868000     -1.670018000      0.766272000 
Table 4.4.19. Optimized coordinates of 2Me. 
Sum of electronic and thermal Free Energies = – 366.087219 
6       -0.146396000     -0.189622000      0.047515000 
6        0.738982000     -1.273045000      0.114412000 
6        0.391985000      1.101580000     -0.068332000 
6        2.122462000     -1.078893000      0.065362000 
6        1.771816000      1.301983000     -0.116999000 
6        2.643772000      0.210695000     -0.050405000 
1        0.340650000     -2.281485000      0.206746000 
1       -0.271250000      1.962518000     -0.118814000 
1        2.790325000     -1.934780000      0.120852000 
1        2.167848000      2.310332000     -0.206699000 
1        3.718639000      0.366523000     -0.086515000 
6       -1.657447000     -0.418358000      0.099948000 
1       -1.815974000     -1.487374000      0.291827000 
7       -2.355585000      0.302765000      1.183364000 
1       -2.269811000      1.307925000      1.027066000 
1       -1.871519000      0.127053000      2.064279000 
6       -2.330954000     -0.075888000     -1.236114000 
1       -3.403574000     -0.290232000     -1.183128000 
1       -2.206511000      0.987306000     -1.476869000 
259 
   
1       -1.895059000     -0.657853000     -2.054620000 
Table 4.4.20. Optimized coordinates of 3Me. 
Sum of electronic and thermal Free Energies = – 1487.298669 
6       -1.538629000     -0.426495000      0.188359000 
6       -0.314497000     -0.160485000      0.840541000 
6        0.501181000     -1.273710000      1.486067000 
6       -0.196856000     -2.654307000      1.469808000 
6       -1.359455000     -2.868698000      0.645129000 
6       -1.989190000     -1.824643000      0.032429000 
6       -2.259829000      0.674779000     -0.311284000 
6       -1.707432000      1.949595000     -0.191392000 
6       -0.476116000      2.095013000      0.447525000 
7        0.197219000      1.060890000      0.964760000 
8        0.637171000     -0.934092000      2.862071000 
8        0.308684000     -3.538945000      2.170319000 
6       -3.607861000      0.597857000     -0.986729000 
6        0.192035000      3.437878000      0.593334000 
8       -4.582201000      0.384220000     -0.097343000 
8       -3.773406000      0.810853000     -2.169469000 
6       -5.924366000      0.342855000     -0.632335000 
8       -0.589171000      4.428074000      0.135289000 
8        1.300462000      3.602186000      1.060996000 
6       -0.034623000      5.757624000      0.212510000 
1       -1.729063000     -3.883619000      0.566676000 
1       -2.229011000      2.813785000     -0.583062000 
1       -6.571884000      0.177682000      0.227445000 
1       -6.165527000      1.289088000     -1.121273000 
1       -6.018316000     -0.476496000     -1.348482000 
1        0.171412000      6.020285000      1.252539000 
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1        0.887437000      5.816211000     -0.370147000 
1       -0.796505000      6.413671000     -0.205908000 
8       -3.056765000     -1.941006000     -0.760759000 
6       -3.608722000     -3.242852000     -1.020645000 
1       -2.856653000     -3.888133000     -1.483540000 
1       -3.976089000     -3.692552000     -0.093833000 
1       -4.434570000     -3.073180000     -1.709632000 
7        1.838922000     -1.358759000      0.895972000 
1        2.305870000     -2.175616000      1.290238000 
6        2.081166000     -1.285947000     -0.561482000 
1        1.389926000     -0.530678000     -0.950209000 
6        3.494772000     -0.728643000     -0.767198000 
6        3.765653000      0.583572000     -0.343959000 
6        4.530848000     -1.465741000     -1.351003000 
6        5.032428000      1.141475000     -0.504305000 
6        5.806322000     -0.910332000     -1.508101000 
6        6.061836000      0.393764000     -1.087161000 
1        2.971590000      1.164155000      0.118840000 
1        4.356212000     -2.481182000     -1.692201000 
1        5.219150000      2.160751000     -0.175548000 
1        6.596826000     -1.502550000     -1.961912000 
1        7.050893000      0.826649000     -1.211683000 
1        0.826450000     -1.783184000      3.307340000 
6        1.813125000     -2.599135000     -1.312919000 
1        2.033339000     -2.495513000     -2.381096000 
1        2.423832000     -3.418999000     -0.917039000 
1        0.762761000     -2.886366000     -1.214610000 
Table 4.4.21. Optimized coordinates of 4Me. 
Sum of electronic and thermal Free Energies = – 1410.900808 
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6        1.627125000     -0.683736000      0.177283000 
6        0.352860000     -0.125432000      0.445706000 
6       -0.844766000     -1.016286000      0.616110000 
6       -0.578718000     -2.500836000      0.798413000 
6        0.742126000     -2.986162000      0.456905000 
6        1.777618000     -2.148400000      0.168211000 
6        2.698641000      0.203540000     -0.036958000 
6        2.466302000      1.573834000      0.064399000 
6        1.174890000      2.018205000      0.357513000 
7        0.144395000      1.188701000      0.534332000 
7       -1.993333000     -0.458994000      0.538712000 
8       -1.459684000     -3.264434000      1.205647000 
6        4.119154000     -0.211172000     -0.340929000 
6        0.850414000      3.484689000      0.493600000 
8        4.288051000     -0.424231000     -1.649437000 
8        4.999478000     -0.239074000      0.492899000 
6        5.628482000     -0.773486000     -2.062996000 
8        1.938436000      4.248433000      0.304131000 
8       -0.254791000      3.920151000      0.743052000 
6        1.736475000      5.672333000      0.413448000 
1        0.876428000     -4.059635000      0.500843000 
1        3.271239000      2.283332000     -0.080894000 
1        5.574314000     -0.892509000     -3.144063000 
1        6.326063000      0.023413000     -1.796686000 
1        5.936834000     -1.707293000     -1.587836000 
1        1.012608000      6.009371000     -0.331979000 
1        1.377825000      5.926828000      1.413386000 
1        2.712928000      6.118429000      0.230248000 
8        3.024622000     -2.547060000     -0.106838000 
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6        3.333256000     -3.950156000     -0.117257000 
1        3.147898000     -4.388723000      0.867607000 
1        2.740256000     -4.465057000     -0.878582000 
1        4.392770000     -4.011296000     -0.361083000 
6       -3.270822000     -1.147414000      0.646960000 
1       -3.198480000     -2.199312000      0.354409000 
6       -4.298046000     -0.447847000     -0.238598000 
6       -4.300602000      0.942269000     -0.414769000 
6       -5.297137000     -1.207680000     -0.859588000 
6       -5.285743000      1.557369000     -1.189925000 
6       -6.285876000     -0.594573000     -1.632955000 
6       -6.283161000      0.791994000     -1.800385000 
1       -3.515633000      1.534778000      0.044723000 
1       -5.301138000     -2.288929000     -0.737918000 
1       -5.272772000      2.636614000     -1.319816000 
1       -7.052150000     -1.200864000     -2.109028000 
1       -7.047880000      1.271680000     -2.405488000 
6       -3.707687000     -1.108185000      2.130856000 
1       -4.702365000     -1.554167000      2.229829000 
1       -3.002339000     -1.676400000      2.743070000 
1       -3.751445000     -0.075710000      2.492050000 
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5.1 Summary of Research Results 
In this dissertation we sought to contribute to the current understanding of the lanthanide 
elements with respect to the electronic structures of their complexes and their role in biological 
systems. We designed new hydroxylaminato ligands which strongly stabilized the cerium(IV) 
oxidation state.1 These complexes were included in a larger study of the electrochemical 
properties of cerium complexes in non-aqueous solvents. The recently discovered lanthanide 
dependent methanol dehydrogenase,2 characterized with a quinone cofactor in the active site, 
spurred our investigation of this cofactor and the role it plays in reactivity.2a, 3 We accomplished 
this through the synthesis of pyrroloquinoline quinone cofactor surrogates which we studied 
electrochemically and computationally. These compounds were further investigated as catalysts 
for the dehydrogenation of amines and as stoichiometric reagents for the dehydrogenation of 
benzylic alcohols. 
 
5.2 Discussion of results and future directions 
5.2.1 Design and Synthesis of Hydroxylaminato Ligands for the Stabilization of Cerium(IV) 
Complexes 
The synthesis and coordination chemistry of a series of hydroxylaminato ligands was detailed. 
These ligands were shown to significantly stabilize the cerium(IV) oxidation state, down to –1.85 
V versus Fc/Fc+. The comparison of the monotopic LNOx– to the ditopic ODiNOx2– demonstrated 
the effect of multidentate ligands on the electrochemical stabilization of cerium complexes toward 
oxidation. In the case of the cerium complex Ce(LNOx)4, electrochemical oxidation and reduction 
features were shown to be irreversible when measured in dichloromethane. This was attributed to 
the propensity of these ligands to dissociate from the cerium center upon redox cycling. 
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By introducing a second hydroxylamine to our ligands, as in ODiNOx2–, we observed an 
improved electrochemical stability of our complexes upon both oxidation and reduction. We 
attribute this observation to the chelation by these higher denticity ligands. The increasing 
number of ligand arms improves the redox stability of cerium complexes, which is in line with 
other observations within our group.4 
Following the characterization of these complexes, we conducted a survey of the literature to 
compile cerium complexes which had been electrochemically characterized. Through the 
computational characterization of these complexes and many which had been isolated and 
characterized by our group, we have been able to establish several methods for predicting 
electrochemical reduction potentials of cerium complexes. These methods both proved to be 
reliable and span a potential range of ~2 V of experimental reduction potentials. 
This work contributes to our understanding of how hydroxylaminato ligands contribute to the 
stability of tetravalent cerium. We have improved our understanding of the effect of increased 
denticity on the redox stability of cerium complexes. Finally, we have established computational 
methods for predicting reduction potentials. We expect that future design of ligands for the 
stabilization of tetravalent lanthanides will be informed by this knowledge and these methods. 
 
5.2.2 Substituted Quinoline Quinones as Surrogates for the PQQ Cofactor: 
Electrochemical and Computational Studies, Stoichiometric and Catalytic 
Dehydrogenation, and Mechanistic Studies 
The synthesis and characterization of a series of surrogates for the biological cofactor 
pyrroloquinoline quinone (PQQ) was disclosed.2b We designed these quinone surrogates for the 
purpose of further understanding their electronic structure and the role that the parent quinone 
(PQQ) plays in the active site of methanol dehydrogenase enzymes.2, 5 A simple synthetic 
method provided the desired quinones in significantly fewer steps than other analogues which 
had been developed in previous reports.3, 6 
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The electrochemical and computational characterization of the quinone surrogates along with a 
larger family of quinones provided us a method to predict the electronics of our compounds and 
to corroborate and compare with those which had been previously designed. This method 
provides a tool for the design of future surrogates and to predict their electronic properties. 
Finally, we demonstrated that the quinones synthesized herein are competent catalysts in the 
dehydrogenation of benzylamines. In addition, they were shown to dehydrogenate benzyl 
alcohols under irradiation in stoichiometric conditions. The effect of lanthanides in these non-
enzymatic systems were demonstrated to have no effect on the yield. We were able to isolate a 
single incomplete structure of a PQQ surrogate on a cerium cation. There are still no known PQQ 
analogues coordinated to a metal ion relevant to methanol dehydrogenase enzymes (Ca2+ or 
Ln3+).7 An ongoing goal of this chemistry is to synthesize a lanthanide complex coordinated to a 
quinone surrogate. Our hypothesis is that precoordination of the lanthanide ion may provide 
different or improved reactivity. The further exploration of the demonstrated reactivity to achieve 
catalytic dehydrogenation of benzyl alcohols and eventually short chain alcohols is an ongoing 
goal for this chemistry. 
 
5.3 Conclusions 
 The studies in this dissertation provide design insights and new predictive methods for the 
synthesis of strongly stabilized tetravalent cerium complexes and biological cofactor surrogates. 
We have designed a new family of hydroxylamine ligands and demonstrated their stability 
electrochemically. The reduction potentials of these compounds are predicted effectively by the 
methods provided herein. We designed a family of quinones in analogy to the biological cofactor 
pyrolloquinoline quinone, which occupies the active site of lanthanide dependent 
metalloenzymes. The design strategies presented allow both structural variation and electronic 
variation of these quinone surrogates. Finally, the reactivity of these quinones were demonstrated 
under both catalytic and stoichiometric conditions. 
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